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INTRODUCTION

The Big River, a tributary éfitﬁé'Meramec River in southeastern
Missouri, drains an area known as‘tﬁeiﬁOld Lead Belt". This area,
formerly the world's leading prodchrjof:Jéad, is no longer acf1ve1y
miféd}'the last mine in the OTdugéaduéelt_closed in 1972. However,
othé; aréas of the watershed doﬁhsi}éém*of the 01d Lead Belt aré
present?y mined for barite (ti%f)ﬁi:Tailings from the abandoned Pb mines

were depos1ted in massive heaps throughout the region and remain the

most prominent features of the landscape 1n the vicinity of Bonne Terre,

‘DesToge, Leadwood, Elvins, and Fiat~R1yer, These tailings have been

ideﬁ;ified as a potentially sign{fibantvenvironmenta1 hazard because of
ﬁheir=high concentrations of tbxic-m;fé1s, The problem, and the drea,
recently received some notariety_ when the Missouri Department of
Conservation made public the resu]ts of its survey of Pb res1dues in Big
R1ver fishes (Czarneski 1980) and, a short time later, issued a press
release -cautioning local res1dents against eat1ng some fishes because of

high Pb residues.

o In 1977, a severe thunderstorm resulted in the col]apse of an

unmaintalned tailings deposit s1tuated along the Big River upstream of
Des]oge, which resulted in some 50 000 yds3 of Pb-, Cd-, and Zn-rich

tai1ings being washed into the river (Novak and Hasselwander 1980,

Hhitley 1980). Less catastroph1g, but nonetheless significant, inputs

continue to occur as a result of erosion at this site and at other

unméiqtained tailings piles in,ﬁbé region (Kramer 1976, N. Gale,

:Aggféona] communication). Barite tailings structures have also failed,




with resulting inputs of Ba-rich sediments into Big River tributaries
downstream of the 01d Lead Belt (Hocutt et al. 1978). The M.S. thesis
by Kramer (1976 unpublished) contains a thorough review of the area's
geology, geomorphology, and mining history; it, along with the
USGS-State of Missouri (1967) survey of mineral resources and the recent
article by Whitley (1980) should be consulted for further background
information.

The U.S. Army Corps of Engineers, St. Louis District, has proposed
the construction of Pine Ford Lake, a multi-purpose storage reservoir,
on the mid-to-lower reaches of the Big River. Because the impoundment
would be situated downstream of both the 01d Lead Belt tailings and the
active open-pit barite mines in the middle portions of the watershed,
concerns have been voiced regarding the fate of the potentially toxic
metals present in the watershed. Partly in response to these concer&s,
the present study was designed to evaluate the magnitude of the trace
metals problem in the Big River watershed under present conditions, and
to provide preliminary data with which to assess the impacts of the
proposed reservoir on trace metal dynamics. Clearwater Lake, a
multi-purpose impoundment on the Black River near Piedmont, Mo., which
is operated by the Corp's Little Rock District, was selected for
inclusion in this study because limnological conditions there are
similar to those that would likely occur in the proposed Pine Ford Lake.
Many tributaries of the Black River upstream of Clearwater Lake drain
Missouri's "New Lead Belt", where Pb mining presently occurs (Gale et
al. 1976).

The present study was intended to yield a great deal of basic

information in an extremé]y limited timespan on the transport, dynamics,
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fate aﬁd, to a lesser extent, bioldé}égl'effects, of potentially toxic
méfgjé émanafing from past and pégéehtsmihing operations in the Big and
Black—Rf}er'watershedsu The stUdy,WQijcﬁ began in the Spring of 1980,
wasidesigned and conducted fromiaﬁ_apblied, operational perspeétive aﬁd
was intended to be neither a]]«inclus}ve'nor completely gquantitative;
rathe;igiprhas the following 1im%ﬁ§§;§bjeé£ives: (1) to survey the
pre%eﬁt.é*fent of contamination by;m;E;ié;}n the Big and Black RiQérj
wateféﬁzds in an attempt to deteé@iné?ﬁf, where, and to what degree'the
méﬁals are accumulating; (2) torgvaluagévmeta1s transport in the two
watengﬁggs'and arrive at a simple?masé batance; (3) to determine, to the
extent possible, the chemical fdfﬁéiogfﬁﬁg metals in the active
sedimenﬁ;rand how these forms mignt;§§:a1tered under conditions typical
of a reservoir environment; (4)_t§"dgtéfhine the availability of metals
fb“the,Lﬁqta at different locations;“aﬁd’then-relate this apparent
biological évai]abi]ity to the éhemicaif%drms present; and (5) to
determiﬁe whether or not seleéted\adiafit organisms show symptoms'

indi@étWVe of chronic exposure to elévated Pb levels.




METHODS OF STUDY

Study Area
The study area (Fig. 1) included an 80-mi (128-km) section of the

Big River and a 40-mi (64-km) section of the Black River. Samples were
collected at five locations in the Big River Basin: at an upstream
"control" site near Irondale, where there has been no active mining
since 1921; at three "affected" sites located 5 mi (8 km, Desloge),

37 mi (59 km, Washington State Park) and 60 mi (96 km, Brown's Ford)
downstream of the Desloge tailings pond dam break; and at a location on
Mineral Fork, a major tributary that joins the Big River downstream of
Washington State Park. Collection sites in the Black River Basin were
located at a flowing water site upstream of Clearwater Lake near
Annapolis, at a flowing water site approximately 1.0 mi (1.6 km)
downstream of Clearwater Dam, and in the Black River Arm of Clearwater

Lake. Other pertinent data for these sites are contained in Table 1.

Field Studies

A trace metal survey of the biota of the Big River and Black River
study areas was completed in Summer 1980. Longear sunfish (Lepomis

megalotis), black and golden redhorse suckers (Moxostoma duquesnei; M.

erythrurum), and several species of catfish (Ictalurus natalus; I.

nebulosus; I. punctatus; Pylodictis olivaris) were collected for trace

metal analysis at every flowing-water site by electrofishing.

Smallmouth bass (Micropterus dolomieui) were collected at every site

except downstream from Clearwater Dam, where spotted bass (M.
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Table 1. Collection sites, Big and Black Rivers

River Basin CNFRL USACE
Site Site# Site# County Narrative Description
Big River

Irondale 3 12A Washington A1l samples collected at Highway U Bridge, upstream
(West) of Irondale.

Desloge 2 10 St. Francois Water and biota samples collected near the south
U.S. 67 bridge, 0.5 mi (.8 km) upstream of the
confluence of Flat River Creek. Sediment samples
collected about 0.5 mi downstream of the
confluence, on the property owned by W.C. Counts.

Washington

State Park 9 5 Washington Water and biota samples collected at the Highway 21
bridge. Sediment samples collected within the park.

Mineral Fork 0 6 Washington A1l samples collected at Highway 47 bridge.

Brown's Ford 1 4 Jefferson A1l samples collected at the Brown's Ford bridge.

Black River

Upstream 4 3 Iron Water, plant, some fish, and crayfish samples
collected near the Highway K bridge ("K Park") -
sediment samples and some sunfish collected at
Champion Springs, near the USGS streamflow gage.

Clearwater

Lake 6 2 Reynolds A1l samples collected in the former Black River
channel near the confluence of the Black River and
Logan Creek arms of the Lake.

Downstream 5 1 Reynolds A1l samples collected within the grounds of the

Clearwater Dam Park.




A |

Aa

Eun;ﬁufatus) were substituted. éi@pd sambies were taken from 1ongeaf
sunfish épVQetermine levels of the-enz§m§ §-amino levulinic acid'
dehy&fﬁtase (ALA-D), an indicator of ché&;ic exposure to lead (Hodson
1976). .Blood was collected in the fiéigiimmediate1y upon capture. The
fish>Q;re anesthetized in MS-222m' Blood was then drawn from the caudal

artery with sterile, heparinized,syringes and frozen immediately in

capped ﬁéparinized vials. Pocketbook mussels (Lampsilis ventricosa),

crayfish (Orconectes luteus, 0. bdnc%tmanus), water willow (Justicia

americana), and attached a1gae_(0§ci]]atoria sp.) were also collected

for Eﬁé survey. All samples were réfrigefated after collection and
frozen upon return to the laboratoryf'fFreshwater mussels were. depurated
in_thé;Thboratory a minimum of two’days.before freezing.

In add1t1on to the fish col]ected for the survey, redhorse suckers

and northern hogsuckers (Hypentelium n1gr1cans) were collected at -

De;logew.wash1ngton State Park, Leadwgga; and Irondale in March 1981,
Blood>was'co11ected from these fiéh_énd~}}ozen in capped hepé}inized
vials to be analyzed later for ALA-D andfb1ood-Pb concentrations. .
Tissué_samples from these fish wé;é;also-analyzed for Pb.

i Water samples were collected at low flow (July 1980), medium flow
(Apr%]71981), and high flow (May iéé}), Multi-vertical,
depth-integrated samples for water'qﬁéfify and trace metal analyses were
co]lecﬁed at equally spaced 1ntervéls’across the river channel and
transferred into a Nalgene USGS churn-type splitter (USGS 1977).
Particles were kept in suspension- in th1s container by constant churn1ng

of_the collected water. From tnjs larger volume, subsamples were

diSpensed into polyethylene cubitaihefse Unfiltered water samples were




acidified immediately to pH 2 with HNO3. Filtered samples were
acidified after passing through a 0.45 u nitrocellulose membrane filter.
At Tow flow three filtered and three unfiltered water samples were
collected at every river site, and single samples were taken at the
surface and at depths of 5 m and 10 m in Clearwater Lake. Trace metal
results from these low flow samples indicated no significant differences
(p<0.01) among replicates of filtered or unfiltered water samples.
Replication at medium and high flow was therefore reduced to collection
of two filtered and two unfiltered samples. Additional samples were
collected for analyses of other water quality parameters.

Transport of material along the channel bottom was also measured at
low, medium, and high flow. Movement was measured at low and medium
flow with a GBC hand-held bedload sampler (GBC, Inc., Denver, Col.) and
at high flow with a cable suspended bedload sémp]er (Helley and Smith
1971; GBC, Inc.). Samples were taken in right, left, and center channei
locations.

Another phase of the study was designed to evaluate the
bioavailability of heavy metals in the aquatic environment as indicated
by the uptake of metals by organisms. The pocketbook mussel was
selected for this study because (a) it occurs naturally throughout the
study area; (b) its characteristic filter feeding makes it directly
susceptible to suspended metals; and (c) other studies (e.g.,
Schulz-Baldes 1978) have shown it to be a good accumulator of metals
that is relatively unaffected by handling and confinement for extended
periods. About 300 pocketbook mussels were collected from the Bourbeuse

River south of Owensville, Mo. and submerged in weighted, epoxy-coated,
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hardwaF?ic]dtn cages at Brown's FgrdifDesloge, Irondale, Black River -
upStream-of Clearwater Lake (Chambﬁoniébrings) in a deep area of
Clearwater Lake, and at a site downstream of Clearwater Dam, From
October through December, 1980, musse]s were removed from the cages
every two weeks for an 8-wk period, returned to the laboratory for a

3- day depurat1on period, and frozen for subsequent trace metal analyses,

The 8=wk exposure study was repeated between July and September, 1981
In‘bhis second study, an add1tionaltsite;gﬁ Washington State Park~was
includedn _Clearwater Lake was delebed%from the second study because of
summer'stratification in the 1ake and‘beoause of repeated vandalism,

Concurrent with the mussel accumulation studies, active streambed
sediments ‘were collected in December 1980 and in August 1981 and ‘
returned to the laboratory for ana}ys1s ‘to determine the concentrations
and cbemical forms of heavy meta}s_?ﬁ the-surficial sediments. "Riffle"
(scouring) and "pool" habitatsruere {den;ified at each stream site and
tnree;sEdiment samples of each typequre:tollected at each location,
Scuba divers collected bottom sediments:from Clearwater Lake. Because
of equ{pment problems that developedfduring the December trip, several
mod1f1cations of sampling equ1pment and procedures resulted. The
follow{ng technique was developed and utllized for the August sample
collection: A 3-inch d1aphragmﬁpump (Homelite) drew bottom sediments
througnra 2-mm mesh sieve and 3=incb _diameter polyethylene hose into a
con1ca], acid washed, 200-L settllng container. The container was then
sea]ed and purged with nitrogen to- prevent further oxidation of the

sed1mentse Sediments were allowgd to settle for 90 min and were then

drawn from the bottom of the container into acid washed, linear
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polyethylene bottles., To avoid oxidation, each sample was purged with
nitrogen and sealed immediately after collection. Samples were packaged
in ice and transported to the laboratory within 24 h after termination

of collection.

Laboratory Analyses

All samples were analyzed for residues of Pb, Cd, Cu, Zn, Fe, Mn,
and Ba. Initially, samples were also analyzed for Ag, but because of
extremely low or non-detectable levels, this metal was deleted.

Analyses were by flame atomic absorption (flame AA; Perkin-Elmer Model
603 atomic¢ absorption spectrophotometer with a deuterium background
corrector and a Model 56 recorder) and by furnace atomic absorption
(furnace AA; Perkin-Elmer HGA 2200 heated graphife atomizer with a Model
AS-1 auto sampling system). Detection limits are listed in Table 2.
Samples that were relatively high in trace metal concentration (greater
than three times the detection 1imit) were analyzed by flame AA,
Generally, Cu, Zn, Fe, and Mn were analyzed by flame AA, and Pb and Cd
were analyzed by furnace. A scan of all metals was done on a Jarrel-Ash
Model 975 Inductively Coupled Argon Plasma (ICAP) spectrophotometer.
This method yielded the best estimates of Ba concentrations.

The quality control matrices used for this study were NBS bovine
liver, tuna, and oyster tissue. Results were deemed acceptable if
values generated by laboratory analysis were within 20% or 2 standard
deviations of certified values for the samples. Within every set of
samples analyzed, 10% were blanks to monitor any sample preparation
contamination, and an additonal 20% were blind replicates and spiked

samples.



Table 2. Detection limits! for bidtéjrééaiment, and water samples

Matrix )
Limit ~ Pb cd  “Cu  In Fe M Ba
Biota (Mg/g) 0.0 0,01 - 0,01 0,01 0,01 0,01  N/A2

Sediment (xg/g)  4.00  0.40 - 0.40 0.40

Water (mg/L) 0.005 0.001 °0.005 0.01

N/A N/A 0,08

0.001 0,001 0,001

lpetection limit is the lowest detectable level

2N/A:-- Not-:;anawzed
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Laboratory preparation varied with the type of sample being
processed, as follows:

Crayfish were lyophilized and homogenized with mortar and pestle before
analysis. Each crayfish sample was a single species composite of 10 to

15 specimens. No effort was made to remove the digestive tract.

Both water willow and algae were rinsed repeatedly with distilled water

to remove sediment contamination. Water willow samples were separated
into roots, stems, and leaves for analysis. Each sample was lyophilized

and homogenized before analysis.

Freshwater mussel soft tissue was separated from the shell and

homogenized in a blender with stainless steel blades prior to
lyophilization and analysis. The shell was scrubbed with distilled
water to remove any attached algae or sediment, air dried, and then

pulverized in a Spex Mixer Mill.

Both whole fish and muscle tissue fillets were prepared for analysis.

Whole body samples, composites of 3 to 5 fish of each species, were
ground repeatedly in a Hobart meat grinder. Samples were then
lyophilized and rehomogenized. Scaled, boneless fillets from the right
side of individual fish were prepared in a certified clean room. A
portion of the fillet was rinsed with distilled water and frozen for
subsequent analysis. This sample was handled as a fisherman might
prepare fish for consumption and will be referred to as an "edible
portion." Preparation of the remaining portion was based on the
technique described by Patterson and Settle (1976). The tissue, with

skin removed, was placed’'on acid-cleaned polyethylene sheeting.
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Acid-cleaned stainless steel razor blades were then used to remove any

potéhtfél1y-contaminated surface'fitéueﬁia cube of clean, bohe\ess,
muscle tissue remained. This materigﬁ;‘hand1ed throughout the procedure

with ‘acid-cleaned forceps, was theniplacgp'in a polyethylene bag and

frozen:f§é later analysis. e
'i'Digéstion of crayfish, watergy111ow;:a1gae, mussels, and'fish~prior
to aﬁa]j?jé'was by nitric»perch\oric;__éffd"procedure° A known weight of
sample was digested in an acid-wqiﬁéd‘Kjeldahl flask with 15-20 mL
concentrgfed HNO4 and 2-4 mL HC104 éjakﬁéated until the volume was

redqcégrtp approximately 5 mbL. S;ﬁﬁTevaere then diluted with distilled

water to a volume of 25 or 50 mL and analyzed. Clean processed cubes of

fish tissue were digested in the.élean room,

The technique for analysis of ALAaD'activity in fish blood was

adaptggffrom,Hodson (1976) and requjrgd.approximately 100 uL of blood.
Briefly, the assay involved the Ecmbfﬁét}qn of 200 uL Triton X-100, 200
uL;amihbwfevulinic acid, and 100~uLfBjOEd. This mixture was incubated
f0572’h at 15° C, then combined Qiﬁh;760 LL of protein precipitant and
centrifuged for 5 min. Then, 700 QL of:tne supernatant was mixed with
600 QL of Egrlich's reagent. Thfs‘mi*éu;é‘s absorbance was measured at
553 nm éééinst a blank . ALA=D'actiyity was measured in terms of uM
poéﬁﬁobjlinogen (PBG) péoduced afﬁér 2=h incubation, per mg DNA; and per

mg'hemoglobfn. DNA was determined with a procedure described by

Schneider (1957), and hemog]obin,wéﬁfméasured using the procedure -
described by Natelson (1971). PR

,7?11tered and unfiltered watebfgaﬁples were digested in 100-mL

beakers that had been cleaned by a 30-min, sub-boiled concentrated




HNO4 reflux cycle, Approximately 40 mL of the sample was poured into
the beaker and combined with 5 mL concentrated HNO3. This sample was
heated until the volume was reduced and diluted with distilled water for
AA analysis. All water quality analysis was done by the Water Quality
Section of the St. Louis District Army Corps of Engineers (Table 3).
Filtered samples were analyzed for nitrate, nitrite, ammonia, and

ortho phosphate and total dissolved solids. Unfiltered samples were
analyzed for total phosphates, chloride, sulfate, specific conductance,
turbidity, total alkalinity, total hardness, total suspended solids, and
volatile suspended solids. Temperature, pH and dissolved oxygen were
measured at the time of collection (Table 3).

Sediment samples were placed in a nitrogen glove box immediately
upon return to the laboratory. One subsample was retained in the glove
box for immediate sequentiai extraction analysis and two subsamples were
set aside for particlé size analysis and total trace metal
determinations.

The subsample for total trace metal analysis (= 1 g dry weight) was

digested in a 100-mL teflon beaker with 5 mL distilled water, 2mL 70%
HC104 and 12 mL 40i HF and heated to near dryness. An additional 8 mbL
of HF was added and the sample was heated to dryness. Several mL of
water and 2 mL HC104 were then added and the sample was once again
heated to dryness. The residue was dissolved in 8 mL of 1:1 HCl and
20 mL of water, diluted to 100 mL with distilled water, and analyzed by
atomic absorption.

An aliquot (= 5 g wet weight) of the subsample retained for

particle size analysis was analyzed for total organic carbon. The
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Table 3. Water-quality parameters other th@p;metals measured in 3ig and Black
© " 'River watershed water samples; -and methods of determination.

Parameter -

Method o6f Determination

Temperaturea

Dissolved- Oxygena !

pHa
Conductivity -

Hardness .

Alkalinity - ..

Sulfate - - o
Chloride

cao

Nitrate = "%

Nitrite .
Ammonia N
Total P~

Ortho=P

Total D1§301ve& Solids
Total Susgeh@ed'Solids
Volatile Suspended Solids (LOI)

Turbidity.

;;%YeT1owxsprings Inst. Co. Meter (field)

" i

Corning. pH meter (field)

- Wheatstone bridge conductance cell
. Titrimetric, w/EDTA
“ o Titpimetric w/standard acid

. Color1metr1c, w/BaCl,

Titrwmetr1c, w/HgClo

,préievel dichromate

Technicon Autoanalyzer

~Gravimetric

'@nghelometric (Hach turbidimeter)

ain Clearwater Lake, a temperature=pH d1ssolved oxygen profile was measured
using a. Martek water quality analyzer, ~ ~-
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remainder of the subsample (= 100 g) was dried and sieved (20, 30, 50,
100, 200, and 270 mesh). The fraction that remained (particles less
than 60 u) was resuspended in deionized water. Grain size distributions
of particles in this fraction were determined with a HIAC Model PC-320
particle size analyzer.

The subsample for sequential sediment extraction was handled in the

nitrogen glove box throughout the analysis. From this subsample an
aliquot (= 5 g) was removed for gravimetric determinations of percent
moisture. Wet weight aliquots of sediment equivalent to 1 g dry
material were weighed into 50-mL polysulfone (PSF) Oak Ridge-type
centrifuge tubes with Viton 0-ring sealing cap assemblies. The
sequential chemical extraction was modified from the procedure of
Tessier et al. (1979). Initial testing of the sequential extraction
proceddre with polypropylene tubes‘indicated a prqb]em with heat
distortion; distorted tubes could not be properly seated into the JA-17
centrifuge rotor. Search for a more heat resistant, higher tensile
strength material led to the testing of the PSF centrifuge tubes. This
material was clearly superior in performance to polypropylene and was
used for all subsequent extractions. In addition, care was exercised in
the bound-to-organic steps to assure that all caps were loose enough to
allow the escape of gaseous by-products. Primary modifications to the
procedure outlined by Tessier et al. (1979) were: (1) samples were
purged with nitrogen through the first three steps of the extraction to
avoid oxidation; (2) use of PSF tubes instead of polypropylene; (3)
centrifugation at 15,000 rpm for 15 min with a Beckman JT-21 centrifuge

and JA-17 rotor; (4) a deionized water wash was added to the reagent
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supernatant; and (5) a shaking water,beﬁh was employed in the

i

bound-to-oxides and bound-to-organics extraction steps.

The‘basiQTEequential extraction scheme was:

(a)_‘Exchangeab1e Metals (Fraction 15.?;Tne sediment was extracted at
roomrtemperature for 1 h with 10 mL 1-M MgCl, (pH 7) with continuous
agiéetione(éurre11 wrist=act1on_$hakensfﬁ After leaching with MgCl,,
separation was achieved by centri%dégfﬁon at 15,000 rpm for 15 min°
Under nitrogen atmosphere, the supernatant was removed by pipet and
placed in an acid-cleaned boros1ff;ate glass tube. The sediment residue

was naéﬁed with 10 mL deionized'ﬁéO’and centrifuged for 15 min, with

tnis suypernatant being added to the first.

(b) Bound to Carbonates (Fract1qn 2)»- -Residue from (a) was extracted
a?ikoonﬁiemperature with 10 mL of—J-ﬁfNaDAc adjusted to pH 5 with HOAc.
BecauéE”of the fine texture of pie;§edfment samples, extraction time was
1imited;£o'5 h. The extraction was-féfTowed by the centrifugaeionu

washiné'step described in (a). ...

(q)» Bound to Iron and Manganese Ox1ides (Fract1on 3). The residue f"om :

(b) was extracted with 20 mL of O 04 M- NHoOH°HC1 in 25% HOAc at

C e

96 * 3° C for 6 h, followed by centr1fugatvon and a § mL distilled'Hzo

Temn

wash

(d) Bound to Organic Matter (Fraction Ql. To the residue in (c) was

added 3 mL of 0.02-M HNO3 and S:mLigb% Hp0, adjusted to pH 2 with HNO3.
The mixture was heated to 85 + 2° C for 2 h with agitation. A second
3=mL aliquot of 30% Ho0p was then added and the sample heated aga1n for

aneadd1t1ona1 3 h with ag1tat10n° After cooling, 5 mL of 3.2-M NH40Ac
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in 20% HNO3 was added and the sample was agitated for 30 min.

Centrifugation and a 5 mL Hy0 wash followed.

(e) Residual Metals (Fraction 5). The solid from (d) was digested with

a 5:1 mixture of HF and HC104. The sample was first digested in a
teflon beaker with 2 mL concentrated HC104 and 10 mL HF to near dryness.
Another 1 mL of HC104 was added and the sample was evaporated until
white fumes appeared. The residue was dissolved in HCl and diluted for
analysis. After processing, the extracts and wash from steps (a)
through (d) were diluted to a final volume of 25 mL, acidified to pH 2
with HNO3, and stored in a cool, dark place until analysis.

Metal concentrations were determined with a Perkin-Elmer Model 5000
atomic absorption spectrophotometer equipped with an AS-50 autosampler.
The readout of the Model 5000 was calibrated directly in units of
concentration using reagent-matched standards. Low levels of background
absorption were observed in the carbonate and Fe-Mn oxides fractions.
Background correction for these extracts was accomplished with a
deuterium arc lamp continuum., For Ba, background emission correction
was performed by averaging intensities at 553.4 and 533.8 nm and
substracting from the intensity at the Ba 553.6 line. To check for
matrix interferences, a single standard addition was performed for each
element on selected individual samples with spiking concentrations
approximately equivalent to the concentrations in the samples. Tessier
et al. (1979) report as much as 15% suppression of the analyte signal
from matrix effects. In the present study, recoveries of spiked
elements (Pb, Cd, Cu, and Zn) from the first four extraction steps

indicated less than 10% signal suppression or enhancement from the
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sample matrix. This degree of matrix intérference was considered
neg]iégblg! making method=of-add{t{gﬂi%ggterminations unnecessary.

For elements determined by atdﬁié’absorption, the detection limits
were'estjmated to be twice the sténdafé_dgviation of displayed
concentration units following repéiiiive aspiration of u]tranpure'Hzog
For”Ba;rbéckground emission 11mited’§a{ﬁwsetting, thereby increasing the
detection limit considerably above that obtainable under ideal
conditions. The instrumental detection limit, dilution volume of 25 nL,

and 1'§:dby‘weight led to the final detection limits (Table 2).

Data Handling and Statistical Ana]yses;,f

, Statistjcal Analysis System (§A$5 programs (SAS Institute,,19?9),
ava{Tab1e7}hr0ugh the Un1versity 6f“Mf$§oyr1-Columbia's Computer
Netwd;§:5WEre used for all data handi?hg,and numerical analyses.
Prqcedure; for berforming analysi§ of'?afiance, analysis of covafiance:
11neaé éﬁd multiple linear regressfop,;hnd correlation analyses were
used repeéted1y throughout this 1;Véstf§;t€on, Standard references for

these procedures include Snedecor and Cochran (1967), Sokal and Rohlf

(1969), Draper and Smith (1972)1;§9d7Neter and Wasserman (1974)0_
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RESULTS AND DISCUSSION

Metals in Water

General trends in metals levels. Due to the great quantity of

water data to be summarized, Table 4 contains only the results for
metals analyses completed for low, medium, and high-flow conditions
during 1980-81. The results for other water quality parameters measured
during this period, as well as the peak flood data for water quality and
metals collected by the St. Louis District at Brown's Ford during March
and April, 1978 are tabulated in Appendix A. Relationships among these
parameters are presented in Table 5 as a matrix of product-moment
correlation coefficients.

Pb, Cd, and Cu concentrations were highest at the three Big River
siteé affected by mine tailings--Desloge, Washington State Park, and
Brown's Ford, with total concentrations far exceeding dissolved levels
in all samples. Concentrations of these three metals--in both filtered
and unfi]tered samples--tended to increase with flow at all three sites.
Highest measured total Pb (0.68 mg/L) occurred at Washington State Park;
highest dissolved Pb (.026 mg/L) occurred at Brown's Ford. However, the
fiood peak in the high-flow collection was not samplied at Desloge. Cu
concentrations (total and dissolved) were also higher at Washington
State Park and Brown's Ford. Cd concentrations were at or near
detection limits (.002 mg/L) in all samples.

Zn behaved differently than either Pb, Cd, or Cu. At Desloge,
highest total Zn concentrations occurred at low flow, and dissolved Zn

was always significant. Concentrations at the downstream



Tahle 4. Dissolved (D) and total (T) metals concentrations {(mg/L) in water samples collected in the Big and Black Rivers (A) and In Clearwater Lake
(8), 1980-1981.

A. Big and Black Rivers S S ! o L S v " '

‘tocation 1 Flow e cd Gy L, W Ag O Fe W, M
© Stage' | (cfs) ! . O T 0 r D ‘ i . : O SR : L0

MINERAL FORK . o . S oo
Low 29.6 .005 .C09 .00l .00L .005  .005 o1 <ol .001 .00l 1] B ¥ .01 .02 .59 .62

Hed. 160.0 .006  .005 .001 .00l .005  .00S o1 <0l .001 .00 .03 .05 .01 .01 35 .36
igh- 505.0 .005 009 .01 .00} .605  .005 <01 <0l .001 .00t 03 .3 01 .05 .24 .28
BROVN'S FORD
Low 95.6 005  .043 .001  .001 .005  .005 0z .03 .001  .001 .01 27 03w A7 .9
ted. 650.0 .007  .084 001 .00) 006 011 01 .0 .001 .00} .05 .61 01 .13 32 .38
nigh 11900.0 026 940 .001 .00l 037 .024 .05 .17 .a01  .on T IN 05 .34 Jdo .22
HASHINGTON
STATE PARK
Low 70.2 .009  .091 <.G01 <.001 <.005 <.005 .01 .04 <.001  <.001 02 .38 .04 .14 .42 .45
#ed. 490.0 005 140 €001, <.00} .007  .00S 01 .07 <001  <.001 05 .78 02 .17 .16 .22
High . . 113950 021 .680 <.001 <004 <.005 .017 -2 <.001 <600 .08 3.00 .08 .5 .00 .19
o y . i " ! Al ' ‘4 M ; v . ’ b X " . ' '
pEsSLoGe ¢ Y o 0. A S I P ;IJ : b o ; :
Tlew 45.3 / .00 .041.  .002 004 - .005 .005 ! ‘.31, .36 .60l 001 02 J09 ¢ .07 .08 A5 .
. Hed. o4 298.0 7 (L0100 1085 .001 .01 . .005  .005 L0607 .11 001,001, - .04 42 .03 .08 .09 .09
ttight ) Cer20  0l2 omD . .00z .00 005 .006. . .10 .16 -001 001 7 .05 630 (.05 .12, 07 .07
. . L . [ ‘ . . . 1] [ . ) . K r B i e ' ] o J ,".“ C o R
IRONDALE R PR B cob e e oo A o
Low Ra! .005-  .005 .00} .00 . .00 00§ .01 <01 . .003 ! .00 02 .32 N A Y |- B L
Ped. 160.0 .005 005 .001  .00% .005  .005 <01 <01 .00l .00l 02 .26 .01 .07, . .08 .08
Nigh 300.0 .005 005 .001  .00] .005 005 <01 <.m L0t .00) 0.2 02w .06 .07
UPSTREAN
CLEARWATER LAKE
Low - .005 005 .001 001 .005  .005 <ot <.m .001 001 .02 .03 .01 .01 .05 .04
Ned. - .005 005 .001 001 .095 005 .01 <01 .001 .00 01 .0g 01 .01 4 .03
High - .005 005 .001 .00} .005 005 .01 <.01 001 .00 .02 .12 .03 .02 03 .0
DOMNSTREAH
CLEARWATER LAKE :
Law 200.0 .005 005 .001 .00} .005  .00% <01 o .01 .00 02 .11 202 .01 .07
Hed. 1040.0 .005 005 .got .00} .005  .005 .01 <01 .01 001 .01 .03 TR 08 .M
Nigh _ 160.0 .005 005 001 .00} 005 005, <0 <o .01 o) Ny a2 o .m 03 .0

-d
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Table 4.

(cont'd)

B. Clearwater Lake

Month Pb Cd Cu in Ag fe Mn Ba
Depth D 1 D T 0 T 1] 1 D ) [}] T 0 ¥ D T pH D.0. Temp.
July 1980
Surface <0.N05 <0.005 <0.001 <0.001 <0.005 <0.005 0.1 <0.1 <0.001 <0.001 0.02 0.02 0.01 0.01 0.05 0.05 8.5 8.0 27.4
5m <0.005 <n.N0% <0.001 <0.0m1 <0.005 <0.005 .1 <.l <0,.001 <0.001 0.02 0.04 0.01 0.01 0.05 0.05 8.2 6.7 25.4
Bottom  <0.005 <0.005 <0.001 <0.001 <0.005 <0.005 <0.1 <0.1 <0.001 <0.001 0.13 0.45 1.68 1.73 0.07 0.07 7.4 0.2 18.1
April 1981
Surface <0.005 <0.005 <0.001 <0,001 <0.005 <0.005 <0.1 <0.10 <0.001 <0.001 0.02 0.18 0.01 0.03 0.04 0.04 8.0 8.3 18.5
Bottom  <0.005 <0.005 <0.001 <0.001 <0.005 <0.005 <0.1  <0.10 . <0.001 <0.001 0.02 0.18 0.01 0.03 0.04 0.04 7.7 8.4 16.7
May 1981
Surface <0.005 <0.005 <0.001 <0.001 <0.005 <0.005 0.1 <0.1 <0L001  <0.001 0.01 0.11 <0.0!1 <0.01 0.03 0.03 7.8 8.7 20.8
5 m <0.005 <0.00% <0.001 <0.001 <0.005 <0.00% <o.1  <0.1 <0.001 <0.0M 0.02 0.10 <0.01 0.02 0.03 0.03 7.5 7.8 15.9
10 m <0.005 <0.005 <0.001 <0,001 <0.005 <0.005 0.1 <0.1 0,001 <0.001 0.07 0.32 0.01 0.05 0.02 0.03 1.2 7.4 14.3
Bottom  <0.005 <0.00% <0.001 <0.001 <0.005 <0.005 0.1 «0.1 <0.001 <0.001 0.07 0.27 0.01 0.04 0.02 0.03 7.1 7.8 13.9




fable 5. Product-moment correlatton coefficlents (A) amony total metal concentrations, solid phase water yuality parameters, and flow; and (B) among
dissolved metals concentrations, 1iquid-phase parameters, and flow. Big River watershed above, Black River watershed below.

A. Solid-phase Correlations
' BIG RIVER
‘ CORRELATION COEFFICIENTS / HUMBER OF OBSERVATIONS
%8 - L{  § /7 ‘I . TBA IFE MR CTURB . €OD . TSSOLIG  VOLSSOL . FLoy "PCTSAND - BCISILT  PCTCLAY
‘ ‘ r L R ‘ - : . X
T ) ' - ” ! B R . j ’ } E : B S . N
ws - . .0.17284 0.92543 0.90509 -0.13¢82 0.93164 0.956B0 ~0.96735 0.962i6 0.97276 0.97327 0.]5269 027034 -0.45835  0.32724 |
P i 56 56 . 5% 15 . 56 - 56 23 30 .3 123 56 86 0 5, 56
‘ X ‘ ‘ ’ L . : v : . ‘ o
e 0.00000 0.36115 0.2124) -0.36635 . 0.16555 0.16427 0.82198 0.33040 0.84515 0.82463 0.27620 0.00025 0.08271 -0.10806
' 15 . 56 56 15 56 S 86 1" 23 30 23 23 56 5 - S6 56
28 0.00000 0.00080 0.89857 -0.37371 0.93473 0.91384 0.87460 0.89563 0.88393 0.88444 0.77201 0.23977 -0.39099  0.26975
15 15 56 1S 56 56 23 30 23 r§] 56 56 56 56
Tcu 6.00000 0.00000 ©0.600C0 -0.06196 0.89672 0.88055 0.97354 0.95213 0.97614 0.98073 0.72852 0.31201 -0.50962 0,35513
15 15 15 15 56 56 23 30 2 23 56 56 56 56
18A 0.00000 0.00000 0.000C0  0.00000 -0.16432 -0.18668 -0.14600 -0.24870 -0.12308 -0.16223 -0.13512 -0.24017 0.33060 -0.25634
15 15 15 15 15 56 .15 15 15 15 15 15 15 15
TFE €.00000 0.00000 ©.00000 0.00000 0.20979 0.95778 0.94511 0.936/8 0.96012 0.94826 0.77265 0.18337 -0.09719 0.3335]
is 15 15 15 15 56 23 30 23 23 56 56 56 56
o 0.00000 . 0.00000 0.00000 0.00800 0.70502 0.713313 _ 0.98078 0.96822 0.99523 0.98865 0.76438 0.25328 -0.42205 0.29743
o 15, 15 5 15 15, 15 .23 - 130 2 23 56 56 56 56
, ! : I I - . W - . . . K N R Il . i W X K . ) ) R B ! . .
A . R ' . X . J ! n 4 B D . ' . N o o N
Tukt , 0.00000 0.60000 * 0.00000 0.00000 -0.41810 0.35670 -0.08661 ' 0.97969 0.98484 © 0.99326  0.75555 ' 0.63173 -0.61305. 0.16928
o 15 L 15 . 18 S 1 s s oy 23 X B 5 B B & PR PR &
S b N T T T T T R « [
cop© ' * 0.00000 - 0.00000' 0.00000 0.00000 -0.71492 10.34201 -a?zsﬂao ; 0.81044 j 7 10.96826  0.98305. 0.73609 0.45662 : -0,50046 . 0.22886
a LS B LSRR |- AN | TS [N | ) L T {2 P X | i23. ;. 0 300, T30
b A e R S .Y !
1SSOLID  0.00N00  0.08000 0.00000 0.00060 0.56843  0.72597 0.93618 ° 0.16937 -0.04681° '~ ' 0.98853° 0,68396 0.6)1671 -0.57897" 0.13346
15 15 15 15 15 15 15 15 15 23 23 23 23 23
VOLSSOL  0.00000  0.00000  0.00000 0.00000 0.629)4  0.39311 0.77385 -8.34817 -0.40843  0.73166 0.76742  0.66077 -0.62019 0.142J6
15 is 15 15 15 15 15 15 -15 15 23 2 2) 23
FLm 0.00000 0.00000 0.00000 0.00000 -0.25819 -0.99284 -0.46474 -0.93097 0.46474 -0.72897 0.53445 -0.06771 -0.29566 0.45369
. 3 3 3 3 3 3 3 3 3 3 3 56 56 56
PCISAND  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000  0.00000 -0.66264 -0.12974
9 9 9 9 9 9 9 9 9 9 9 3 60 60
PCTSILT  0.00000 0.00000 ©0.00000 0.00000 0.00357 0.22003 0.34650 0.38760 0.27440 0.67074 0.00650 -0.99861 0.00000 -0.65644
9 9 9 9 9 9 9 9 9 9 9 3 9 60

.

"PCICLAY 0.00000  0.00000 ~0.00000 0.00000 -0.00357 -0.22003 -0.34650 -0.38760 -0.2/440 -0.67074 -0.00650 0.99861 . 0.00000 -0.65644

9 9 9 9 9 9 9 9 9 9 9 3 9 60
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Table 5 (cont'd)

B. Liguid-phase correlations

BIG RIVER

CORRELATION COEFFICIENTS / NUMBER OF QOBSERVATIONS
nee nen (1241 ncu DBA DFE OMN no PH TALK  CHL SULF  SPCOND C€OD  NITRATE NETRITE  AMMON TPHOS OPHOS THMARD TDRSOLID FLOW
kB 0.280 0.481 0.531 -0.395 0.488 0.351 -0.026 -0.155 -0.484 0.424 0.210 -0.266 0.145 0.474 0.002 0.565 0.122 0.179 -0.312 -N.118 0.011
55 54 55 15 55 sS 22 21 22 22 22 22 29 29 29 22 29 29 2?2 22 55
0co 0.000 0.646 -0.05) -0.280 -0.165 0.250 0.045 -0.020 -0.031 0.220 0.465 0.188 -0.102 0.480 0.025 0.293 -0.074 0.090 0.165 0.273 -0.268
15 54 55 15 55 55 22 21 22 22 22 22 29 29 29 22 29 29 22 22 55
DIN 0.000 0.000 0.112 -0.286 0.033 0.427 0.024 0.357 0.066 0.508 @¢.796 0.409 -0.132 0.515 0.135 0.519 -0.075 0.165 0.362 0.550 -0.061
15 15 54 14 54 54 21 20 21 21 21 21 28 28 28 21 28 28 21 21 54
bcy 0.000 0.000 0.000 -0.202 0,211 0.063 -0.064 -0.061 -0.228- 0.459 -0.071 -0.203 0.02) 0.034 -0.118 0.337 -0.025 0.094 -0.225 -0.169 0.108
15 15 15 15 55 55 22 21 22 22 22 22 29 29 29 22 29 29 22 22 55
DBA 0.000 0.000 0.000 0.000 -0.426 -0.336 -0.101 0.132 0.812 0.046 -0.016 0.498 -0.432 -0.694 -0.161 -0.082 -0.429 -0.232 0.587 0.421 -0.322
15 15 15 15 5 5 15 15 15 15 15 15 15 18 15 15 15 15 15 15 15
e a.000 0.000 0.000 0,000 0.209 0.46) 0.145 -0.561 -0.624 -0.011 -0.226 -0.580 0.710 0.060 0.182 0.177 0.704 0.272 -0.578 -0.443 0.460
- 15 15 15 15 15 55 22 21 22 22 22 22 29 29 29 22 29 29 22 22 55
L ]
DMN 0.000 0.000 0.000 0.000 0.592 0.743 -0.122 -0.213 -0.419 0.425 0.409 -0.139 0.586 0.162 0.286 0.346 0.613 0.550 -0.168 0.046 0.549
15 15 15 15 15 15 22 21 22 22 22 22 29 29 29 22 23 29 22 22 55
0o 0.000 0.000 0.000 0.000 -0.599 -0.738 -0,947 -0.048 -0.439 -0.444 -0.292 -0.463 0.240 0.157 0.058 0.090 0.158 -0.008 -0.455 -0.429 0.159
15 15 15 15 15 15 15 22 23 23 23 23 23 23 23 23 22 23 23 23 23
[
PH 0.000 0.000 0.000 0.000 0.097 -0,166 -0.253 €.254 0.525 0.180 0.436 0.599 -0.745 -0.032 -0.372 0.212 -0.699 -0.121 0.561 0.529 -0.465
15 15 15 15 15 15 15 15 22 22 22 22 22 22 22 22 23 22 22 22 22
TALK 0.000 0.000 0.000 0.000 0.686 -0.158 0.212 -0.206 0.287 0.272 0.426 0.902 -0.724 -0.448 -0.128 -0.0%9 -0.614 -0.311 0.935 0.820 -0.75]
15 15 15 15 15 15 15 15 15 23 23 23 23 23 23 23 23 23 23 23 23
CHL 0.000 0.000 0.000 0.000 0.171 -0.365 -0.052 0.0% 0.076 G.709 0.763 0.537 -0.047 0.102 0.2727 0.272 0.034 0.523 0.499 0.642 0.072
15 15 15 15 15 15 15 15 15 15 23 23 23 23 23 23 23 23 23 23 23
SuLr 0.000 0.000 0.000 0.000 -0.369 -0.394 -0.293 0.349 -0.039 0.252 0.713 0.764 -0.312 0.330 0.290 0.273 -0.185 0.309 0.714 0.859 -0.285
15 15 15 15 15 15 15 15 15 15 15 23 23 23 23 23 23 23 23 23 23
SPCOND - 0.000 0.000 0.000 0.000 0.435 -0.271 0.094 -0.021 0.278 0.910 0.835 0.542 -0.690 -0.137 0.044 0.05% -0.561 -0.088 0.992 0.973 -0.697
15 15 15 15 15 15 15 15 15 15 15 15 23 23 23 23 23 23 23 23 23
cun 0.000 0.000 0.000 0.000 -0.791 -0.0)3 -0.253 0.247 -0.372 -0.851 -0.353 0.098 -0.704 -0.148 0.584 0.067 0.982 0.618 -0.667 -0.554 0.736
15 15 15 15 15 15 15 15 15 15 15 15 15 30 30 23 3o 30 23 23 30
HITRATE  0.000 0.000 0.000 0.000 -0.723 -0.018 -0.346 0.452 -0.240 -0.414 0.135 0.628 -G.093 0.520 0.158 0.398 -0,162 0.000 -0.203 -0.060 -0.332
15 15 15 15 15 15 15 15 15 15 15 15 15 15 30 23 30 30 23 23 30

ve



Table 5 (cont‘d)

ner8
NITRITE -0.000
; 15
_ RKMON - 0.000
i 15
TPHOS 0.000
15
oPHOS 0.000
15
TIARD 0.000
15
OSOL1D  0.009
15
FLOW 0.000
3

OCD  DIN  BCU  DBA  DFE  ODMN DO PM TALK CHL  SULF SPCOND COD NITRAIE NITRETE  AMMON TPHOS OPHOS YHARD [0SOLID FiOW
0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 ‘. 0.188 :0.606 0.400 0.034 0.142 - 0.461
15 715 15 - 15 15 15 15 15 15 - 15 15 1§ 15 15 dow o3l 30, 3 23 .23 T
0.000 0.000 €.060 0.558° 0.777 ;0.791 -0.683 -0.202 0.099 -0.295 -0.508 -0.02} -0.332 -0.189  0.000, ' 0.094 0.253 0.041 0/137  0.262
15 15 218" 18 18T 15 . 15 15 15 15 . 15 ;18 155 15 R LR R < R 5 BT BRI Z ERR
0.000 0.000 0.000 -0.505 -0.098 -0.126 0.148 -0.508 -0.637 -0.386 0.032 -0.530 0.693 0.279  0.000 -0.257 0.640 -0.53) -0.411  0.738 :
15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 w230 23 30 .
0.000 0.000 0.030 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.060 0.000  0.000 0.000 -0.106 0.033  0.537
15 15 15 15 15 15 I5 15 15 15 15 15 15 15 15 15 15 23 23 30
0.000 0.000 0.000 0.473 -0.126 0.204 -0.153 0.2}1 0.914 0.807 0.508 0.902 -0.636 -0.145  0.000  0.137 -0.534 0.000 0.964  -0./0)
15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 23 23
0.000 0.000 0.000 0.543 -0.273 0.122 -0.057 0.197 0.934 0.734 0.340 0.903 -0.737 -0.251  0.000  0.069 -0.551 0.000 0.906 -0.517
15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 23
0.000 0.000 0.000 -0.259 -0.576 -0.460 0.238 -0.040 0.415 0.957 "0.980 0.829 0.464 0.399  0.000 -0.988 0.000 0.000 0.786 0.684
3 3 3 3 3 3 3 3 3 3 3 3
: i \ , ,
! - . ro
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sites--Washington State Park and Brown's Ford--were also high relative
to “"control sites"--Irondale and Mineral Fork--but were lower than
concentrations at Desloge.

Concentrations of Pb, Cd, Zn, and Cu were always less than
detection thresholds at the three sites investigated in the Black
River/Clearwater Lake watershed., Likewise, Ag was virtuaily
undetectable in all Big and Black River samples collected in this
investigation. Arsenic, which was not measured in this study but was
quantitated by the St. Louis District in their 1978 flood study, ranged
from 0.006 to 0.058 mg/L (total), with dissolved arsenic concentrations
at the detection threshold (0.005 mg/L) in all samples. Like Pb and Cu,
total As concentrations tended to increase with discharge at Brown's
Ford.

As expécted, Ba concentrations were_highest in sanples from those
sites on the Big River representing areas of the watershed currently
being mined for barite (Washington State Park, Mineral Fork and Brown's
Ford). Total Ba concentrations in unaffected areas of the Big River
watershed and in the Black River/Clearwater Lake watershed ranged from
0.02 to about 0.15 mg/L. At affected Big River stations, total Ba
concentrations ranged from a low of 0.10 mg/L (Washington State Park
and Brown's Ford at high flow) to a high of 0.62 mg/L (Mineral Fork at
Tow flow). At all sites there was little difference between filtered
and unfiltered samples; highest concentrations occurred at low flow; énd
Towest concentrations occurred at high flow.

Given that the Big River contains generally hard, alkaline water,
Fe and Mn concentrations were generally high; dissolved Fe ranged from

0.01 mg/L (Mineral Fork and Brown's Ford at low flow) to 0.14 mg/L



(Brownts Ford at high flow), and=to€af'Fesreached 3.00 mg/L at
washington State Park during high f1ou;r Simi1ar1y, dissolved Mn ranged
from;QsQi mg/L (Mineral Fork, al]:sgmp}es)-to 0,07 mg/L (Desloge, low
f1ow),'and total Mn reached 0.51 mg7t'at‘washington State Park during
high-tjow. With the exception of.dissolved Mn at Desloge, Fe andrhn
concentrattons tended to increase w1th flow. The high concentrations in
the - 1ower B1g River and Mineral Fork suggest that the open-=pit :
sand/gravel and barite mining act1v1t1es in this part of the watershed
are 11ke1y sources of Fe and Mn, as- we]l as Ba.

| Fe and Mn concentrations in the Black River above Clearwater Lake
were” generally lower than concentrat1ons in the Big River-=up to 0.12
mg/L tota] Fe, with dissolved Fe and Mn at or near detection limits
(0. 01 0.03 mg/L) in all samples, Samples from downstream of Clearwater
Lake and from within the lake showed ev1dence of predom1nant reducing
conditions during summer str‘atlficatmn° Near the bottom of the 1ake,
Mn concentrations reached 1.73 mg/L”ztotal; 1.68 mg/L dissolved) in
July, 1980. Total Fe at this time was 0.45 mg/L; dissolved Fe reached
0.13 mg/tt Downstream of the lake; congentrations of Fe and Mn tended
to reflect conditions in the lake--Mn reached 0,27 mg/L (total; 0,21
mg/L-.dissolved), and total Fe reachedto.ll mg/L in July 1980. However,
Fe concentrations (total and dissolved) were higher in May, 1981, during
a period of comparatively Tow water releases (160 cfs) from the lake.

To examine further the re]at10nsh1ps among solid-phase

constituents, dry-weight suspended coneentrat1ons of the metals were
computed based on measured concentrations of total suspended sol1ds
(Table 6). Although these valuesrareabased on different numbers of-

samples and non-uniform flow conditions'among the locations, several




Table 6. Geometric mean suspended metals concentrations, ¥ g/g dry weight.1

River
Site Pb Cd Zn Cu Ba Fe Mn
Big R.
Irondale -2 - - - 337 29710 6966
Desloge 5397 180 5182 32 311 25399 3005
Washington St. Park 3779 17 1457 70 1042 17697 3681
Mineral Fork 316 - : - - 3271 12745 1756
Brown's Ford 3125 - 1004 167 1593 11054 3258
Black R.
Above Clearwater L. - - - - 111 8206 750
Clearwater L. - - - - 623 34080 5587
Below Clearwater L. - - - - " 408 9396 8234
1 17Total metal (mg/L) - dissolved metal (mg/L) — . |:103 wg/mg_| | [:103 mga/g_|

Total suspended solids (mg/L)

Zpash indicates concentrations too close to detection threshold for meaningful comparison.

8¢



important‘features emerge. First, it‘apneéns that in the Big River
there wasTe;di]ution of the suspended metals concentrations (other than
Ba) wiehdistance downstream from'bes1o§e; iSimilarly, Fe and Mn levels,
which We;e'hignest at Irondale, a]sn eeqfined with distance downstream
in the Big River. Pb, Cd, and In concentrat1ons were highest at
Desloge;nand'decreased downstream (Table 6) Dry weight suspended Fe
and Mn levels in Mineral Fork were:]ewen than those in the Big River;
consequently, Fe and Mn concentrations Qere'lower at Brown's Ford than
at Washﬂngion-State Park. Pb concentnatjons, on a dry weight basis, °
were higher than anticipated in Mineralf;ehk (Table 6), probably
reflect}ng”the*inf]uences of (a) an-eneésoﬁglead mineralization and old .
mine work1ngs in the upstream portion: of the Mineral Fork watershed, and

(b) sma]] amounts of galena that frequent1y occur with barite in the

wash1ngton;County deposits (USGS 1967).

‘As discussed previously, Ba occn;red primarily in the liquid phase.
However, ‘measurable suspended Ba was present at all sites. As expected,
dry we1ght suspended Ba concentrat1ons-were highest in the Mineral Fork
and at }he downstream-most stat1ons_on the B1g River (Washington State
Park'andiﬁnnwn's Ford). Tzrf't' |

In the Black River and Clearwater .ake, only Ba, Fe, and Mn
suSpended concentrations were sufficient]y h1gh for computation of dry
we1ght.§nncentrations (Table 6). Qoncentra;ions of these metals in the
Black River upstream of Clearwater Leéei@ébe substantially lower than
COrrespdnding levels in the Big‘Rivef, rHonever, average concentnatibns
were h1gher within the lake than upstream of the lake by factors of 5. 6
for Ba 4 2 for Fe, and 7.4 for Mn,, Re}ease waters were also h1gher,in

the dry weight concentrations of all these metals than were influent
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waters, but, except for Mn, were lower than lake waters. DOry weight
suspended Mn concentrations were 11 times higher in release waters than
in influent waters; Fe concentrations were only slightly higher.
Collectively, these data and the metals in water data (Table 4)
suggest that the seqsonal cycle of Fe and Mn in Clearwater Lake is such
that proportionately more Fe than Mn is re-precipitated and retained
within the lake. During stratification and reduction, Mn is reduced and
solubilized slightly before Fe; upon oxidation, the converse holds--Fe
is precipitated before Mn. In addition, the oxidation of Fet2 proceeds
more rapidly than the oxidation of Mnt2 (Tessier et al., 1979). As a
result, dissolved Mn concentrations in the summer hypolimnion of
Clearwater Lake are far higher than dissolved Fe concentrations, but
particulate Fe levels (total-dissolved) exceed particulate Mn
concentrations. Mn appears to be exported in dissolved form to the

river downstream, where it is subsequently oxidized and precipitated.

Relationships among metals and other water constituents. The

correlation matrices (Table 5) illustrate close relationships among many
solid-phase and liquid-phase constituents in the Big and Black River
watersheds (in these tables, correlation coefficients for Big River
samples are above the principal diagonal; those for the Black River and
Clearwater Lake are below the principal diagonal). 1In the Big River,
concentrations of total Pb, Zn, Cu, Fe, and Mn were highly
intercorrelated (r>0.88, Table 5). Total Pb was most closely correlated
with total Mn (r>0.97). Among the other parameters measured, total
concentrations of Pb, Zn, Cu, Fe and Mn were most closely correlated

with turbidity, total suspended solids, and volatile suspended solids
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(r>0.95, Table 5). Pb, Zn, Cu, Fe, andiMﬁiconcentrations were all
positivef}’correlated with flow (r>0.75). Howéver, this correlation
must be intérﬁreted with caution becausé;ffjow" differences are also
re1ated';d sampling site. Correlat{qﬁycoefficiénts for total Cd were
generally lower, probably as a result Of;thé lower concentrations; like
the other f?ve metals, total Cd was ajsquost closely correlated wWith
turbidiiy, toté] suspended solids, aﬁdfvolétilé suspended solids
(0082<r<d;3§),_but was not highly cobEe1§ted:with any other metals
(r0.36).

Total Ba generally behaved differgpt]y’from-the other metals in the
Big RiQér watershed. Because Ba is>MPCh méré soluble under conditionsr
typical of,thé Big River, liquid-phase ;deSport is more important fqr

Ba than for'Pb, Cd, Zn, Cu, Fe, or Mn.” As.a result, total Ba

concentratioQ§'are negatively corre1atediﬁfth most solid-phase

constituents.

Given the foregoing discussion of ﬁé;al Ba it is therefore not
surpris}ng:that dissolved Ba concentré@iﬁns in the Big River watershed
wera more‘cibsely correlated with some-liéyjd=phase parameters than with
the soliajphése constituents. D1ssdJVEd‘Ba boncentrations were
posit{velywcorré1ated with alkalinity (r}Q;SI) and, to a lesser extent,
with hardness, specific conduct1v1ty,;apd tofa] dissolved solids (Table
5). Correlations among the dissplygd“mgta{s were weaker than those
among ‘total metals, with the 1owest;béé§rk1ng for Cd (probably beﬁause
the 1éy§1§;werergenera11y below déféétioﬁ;limits) and the highest
(r>0.53) betWéen Cu and Pb (Table 5);“;Q§her correlations among the
meta]é that tend to be transported h;imarily in the solid phase-<Pb, In,

Fe, Mn;”and.ﬁunawere less distinct -(0&5;“0.4&)° The relatively high
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correlation between dissolved Zn and dissolved Cd (r>0.64) may be either
an artifact of low Cd concentrations or an indication that both metals
are solubilized to some extent.

Among the liquid-phase parameters other than metals, most positive
correlations indicate either closely related constituents that tend to
rise and fall together, or water-quality parameters that overlap in the
constituents they measure. Among those that overlap, hardness,
alkalinity, total dissolved solids, and specific conductivity are all
highly responsive to changes in levels of dissolved Ca and Mg and
therefore exhibit a high degree of positive intercorrelation (r>0.97).
Among the closely~related constituents, for example, a high correlation
(r>0.81) between dissolved Zn and sulfate (SO4) concentrations suggests
that the mechanism of ZnS reduction postulated by Kramer (1976) as an
explanation for high dissolved Zn levels in Flat River Creek may also
hold for other areas of the Big River watershed. Pb and Cd were also
correlated with 504'2, but not as strongly; for Cd, r=0.47; for Pb,
r=0.22 (Table 5).

Positive correlations with flow are generally indicative of
dissolved parameters associated with surface runoff; conversely,
negative relationships suggest parameters most closely associated with
groundwater, with the negative correlation occurring when increased
rainfall and surface runoff dilute the groundwater. Positive
correlations with flow in the Big River occurred for dissolved Fe and
Mn, chemical oxygen demand, nitrite, and total- and ortho-phosphorus
(Table 5). Negative correlations with flow were most apparent for
alkalinity, hardness, specific conductivity, total dissolved solids,

nitrate, pH, and to a lesser extent, dissolved Ba. As discussed
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earlier, however, all corre]ations‘wjth*f1ow must be interpreted

cautibusiy:beeause multiple locations-and differing flow conditions were

1nc1uded 1n the analysis.
The most immediately apparent features of the Black
River-C]earwater Lake correlation matr1ce5"are the preponderance of zero
valueéjfvﬁfsome of the metals. Thié?wae;caUSed by most measurements _ _
being af;eb near detection 11m1t5‘(Teefe 5); Nevertheless, some of the

measurab1e parameters were correlated.v<h-_,

Although the re]ationships among so]1d-phase parameters were 1ess
dist1nct for the Black River than for the Big River, most of the |
correlat1ons noted for the Big River were also present for the B1ack
Riverox Like the Big River, the re1at1onsh1p between total Mn and total
suspended solids was especially d1st1ne£:

Among ‘the dissolved constituents, “the expected positive -
relat1onsh1ps between conduct1v1ty, total dissolved solids, alka11n1ty,
and hardness were present, as was tne positive correlation (r>. 74)
betweed”dissolved Fe and dissolved Mn“(Tane 5). The correlations
between‘hefer quality parameters and fjbw_in the Black River are npt
reiated‘so;meeh to discharge as ;heyfarefie season--the parameters are
dominatedaby redox processes rather than meteorological events beeause
flows upstream and downstream of Clearwater Lake are regulated by dams.
The nega%fve association of diéSo]ved Mn'(and to a lesser extent,

diéeai;ed Fe) with dissolved oxygen was espec1a11y distinct (Table5).

This negatzve correlation 111ustrates again the solubilization of. Fe and
Mn by reductvve processes within the hypo]1mnron of Clearwater Lake

during periods of stratification.

- o i v e e
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Transport of metals in the lower reaches of the Big River. The

water quality data in Table 4 and the correlation coefficients in Table
5 provide a general indication that concentrations of most solid-phase
constituents, including the toxic metals of interest, vary directly with
discharge in the Big River. Since these relationships are important in
evaluating the overall transport of metals in the watershed, they were
investigated further using water quality data generated by this
investigation, by the St. Louis District during their 1978 survey of
spring floods at Brown's Ford, and continuous flow records from the

U. S. Geological Survey's gauge on the Big River at Mammoth Bridge (near
DeSoto).

As illustrated by Table 5 and discussed earlier, total suspended
solids concentrations were closely correlated with suspended Fe,
suspended Mn and, to a lesser extent, other suspended metals. Multiple
linear regression and the available data for Brown's Ford (10
observations) revealed that the relationship

Y = 6.509 x; + 482.815 xp - 1871.163 x3 - 20.534
where Y = total suspended solids, x; = suspended Fe, xp = suspended Mn,
and x3 = suspended Cu, accounted for 99.8% of the observed variability
in suspended solids concentrations. The intercept and the regression
coefficient for Mn were highly significant (p<0.01); the parameters for
Fe and Cu were also significant (0.01<p<0.05). Values for total
suspended solids estimated by this relationship, along with
corresponding observed values, are plotted against measured
concentrations of suspended Mn, Fe, and Cu in Fig. 2. As these figures
and the correlation coefficients in Table 5 illustrate, the fit for Mn

was best, followed by Fe and Cu. Nevertheless, the fact that the
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coefficients for Fe and Cu were statistically significant indicates that
a better estimate of total suspended solids is achieved if all three
variables are used.

The data used in the foregoing analysis represented collections
made in 1980-81 at discharge levels of 95.6, 650, and 11,900 ft3/sec,
and in March, 1978 at flows of 6,600 to 7,400 ft3/sec. During the peak
flood collection period of April, 1978, when discharge levels ranged
from 8,500 to 34,800 ft3/sec (Appendix A), the St. Louis District was
unable to measure total suspended solids concentrations. However,
suspended metals concentrations and particle size distributions were
determined. The regression equation computed on the basis of the
1980-81 and March, 1978 data were used to estimate total suspended
solids concentrations during the April, 1978 flood. These 43
observations were then used to invéstigate further the relatfonship‘
between suspended sediments and discharge.

Multiple linear regression was again used, this time to quantify
the relationship between suspended solids and flow. Since any future
considerations of mass transport will require the use of concentration
data expressed in metric units (mg/L), values for flow in cfs (ft3/sec)
were converted to metric units (m3/sec) using the conversion factor
0.02832 m3/ft3. After trying a variety of equation forms, the following
log-log, quadratic expression was found to best explain the relationship
" between total suspended solids (Y, mg/L) and flow (x, m3/sec):

logyg ¥ = 0.267 + 1.445(10gyq x) - 0.203(10g1g x)2
This expression explained 75.7% of the variability in total suspended
solids and was highly sigpificant (p<0.01); however, the intercept value

was not significantly different from 0 (p<0.05). Predicted and
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obseruedivalues for this re]ationshtp are-displayed in Fig. 3, where
the letter "A" represents measured totai sUSpended solids
concencc;tﬁbns; "C" represents concenf?etions computed using
measurements of the suspended Mn, Fey andigunconcentrations; and "P"
represents values predicted by the 199;1dg quadratic relationship with
flow. leen the 3-yr time span of the -data base and the inherent
d1ff1culty “of ‘accurately measuring Suspended solids at high flow, the
fit dep;cted,1n Fig. 3 is acceptable. Howeyer, it must be remembered‘
that thisrrelationship is based on.co;puted,,rather than measured, ]

concentrations at high flow and thac'theereiationship used to compute

these concentrat1ons was extended beyond the range for which measured

values were available.
A]though the empirical "e]at1onsh1p plotted in Fig., 3 appears toi
represenc ‘a reasonable approxamat1on of “the total suspended solids
response co.changes in flow, it is insufficient for a more detailed
investigation of trace metal transpoc§71n~that it is not sensicive to
changes”inrthe grain-size distributton ofxthe suspended load. This is
importencg?or two main reasons: Fitst,:trace metal concentrations may-
not be'Uniforn_among different par;ic]eesfee'classes; and second, the
most accugdfe estimates of total sedigent”1oad (suspended load + bed
1oad) can be achieved when the part1c1e size distribution of the (
suspended 1oad and of the bed sediments are known. Therefore,
concentrations of suspended sand,,s1lt:ﬁand clay=s1ze particles were .
computed u51ng the measured grain-size. d1str1butions of the suspended
]oad.samp]es and the measured and gpmputed total suspended solids

concentrations. Mulutiple linear negnessdon was used to characterize

theere]epionships between sand, .silt, and clay-size suspended particle
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concentratlons and flow, with the follow1ng 1og 10g quadratic
re]attonsh1ps yielding the best f1tsf 4.“

-1.413 + 2. 789(1og10 X - 0. 587(10g1q x)2

“logyg Yy =
_"‘99105Y2 = 0,542 + 0. 916(10g10 x) - 0. 086(10gyq x)2
\'Eygglo Y3 = -0.364 + 1,138(1qg;g=x) - 00080(10910 x)2

where Y1,7Y2, and Y3 represent concentraéjoﬁs:of suspended sand, silt,
and clay-size particles (mg/L), resﬁédi?vely, and x = flow (m3/sec) R
values were . sand 0.57; silt, 0. 63 ~and. clay, 0.71, and all three mode1$
were highly significant (p<0.01). The 1ntercept and both regression .
coefficients were highly signif1cah€*(350;pl) for sand; for silt and

clay, the qaéfficients for the linea;_qéSpnnses were the only

signifﬁﬁihtfterms in the models==neither;t5§_intercepts nor the
quadratic féﬁms differed signifiq;q;}}!ff?m'zero (p>0.05). Predicted
and observedfvalues for these re]éﬁionsnipszare'i11ustrated fh.?fg,-4;2'
Inwggggyal, the fit of these mode}éican best be described as
"fair;;';FGr a]i three size fractioﬁg;‘tﬁére is more variabi]ity at hiéh
flow thanzétjioﬁ even after log transgéiﬁgtfon. The basic form of the
model selected appears correct onlxiforfsﬁlti for both sand and clay, 3
cubid:terﬁ‘may be required if the*conceqiﬁgtion is to be represented.
only iB §érms of total flow, and ar“threshdld flow" for suspension and 7
tragSédrt:of sand-sized particles needgrﬁé be more accurately

determinéd;" 'g:i'ﬁ;,

As an a]ternat1ve to further emp1r1ca1 ‘investigations based solely
on f1ow, greater predictive capab111ty for suspended sediment transport
might ‘result if flow were to be decomposed into its components.
Disthacge;iin units of volume/tfme,,gaﬁ'be separated into area and

velocitj'tomponents; and area can be further divided into its components
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of widthganﬂ depth (discharge in m3/secjggikgtream width in m) ° (mean
depth in.m) + (mean velocity in m/sé;)f " The relationships between the
compépeptsfof flow-=cross-sectional area;énd velocity--as well as the
components of area (stream width anda&ébﬁh); as functions of flow in the
Big Q{Qéf, were investigated further. |
'Measdréments of width, depth, areaQJahd velocity made periodically

by the USGS to calibrate the gauge:éngeSoto.from 1978 through 1981 were
evaluated inuthis analysis. These datéirébresent a d=yr time=span,‘with

most of ﬁhe high=flow calibrations.OQCUPring in 1978 and 1979, During

. this period, considerable changes in chanhe\ morphometry could have

occurre&,fiﬁith would tend to obscqr§ tFEhds related to flow alone.
CaIibFEqun,readinés were therefore’separéﬁed into “old" (1978-79) and
“new" (1980-81) groups for compariéon}‘ As- Fig. 5 illustrates, there

were no readily apparent,differencgs‘between the two sets of

measuremeﬁﬁé in their relationships Q}tﬁ’discharge; the data were- C-
thereforéftreated together in Subséauen£ analyses.

Statistical evaluation of the 58:;é1s of calibration measurements,
again'using'multiple linear regress}dn,.Enga1ed that cross-sectional

area and-its components--channel width and mean depth--varied in a

fairlyiptédictable manner with dis}:ﬁarge° Results for velocity,

however, were worse., Although a variety;of transformations were
emplﬁ&é&? the following quadratiﬁ, ;éhjalog_relationships using
unt;ansforﬁed measurements of width,—d;p}h, area, and velocity against
logiqg tfansformed values for flow (Hé?e,"in English units of ft, ftZ

ft/sec, "and ft3/sec, respectively);‘yielded the best results:
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Regression.Coefficients

detenmdidnts of discharge.

Paramecer:;‘lntercept 10910 F]owi?:(Toplﬂ Flow)2 BE_ p

Area 4024.16  -3780.64 . B98.41 979 <0.01
depth -3.63 2.02 0.9 886 <0.01

Width - 403,29 =351.4Qn f‘“=;tS§;35 951 ¢0.01
Velocity ™ 3.05 168 0.4 51 .01

Although all the relationships are statiéiﬁca]ly significant (p<0.01),
the impoctant one relative to sediment"transportoabetween dischange and

veloc1ty=-1s not1ceab1y worse than- the others (Fig. 5), thus explaining

(Fige )n—i
- Based on these results, itlisenotjéurprising that discharge eione
does not describe sand, silt, or c]ay concentrations any better than

the relationships depicted in F1g° 4. Suspended sediment transport s
largely energy--and therefore, ve]oc1ty=adependent, and knowledge of
dlscharge alone will not enable accurate prediction of velocity (F1g°
5)n. Itfappears that in the lower }epcheseof the Big River, velocity at
a given water level is somewhat moreUQpriable than the other

Improvement over current abilities to
predict epspended sediment discharge and hence, total sediment y1e]d
and trace metal transport, will require “that this var1ab111ty be T
accounted for° The simplest approach wou]d be to compute mean ve]oc1ty
for a g%Qen discharge level; w1dth.and depth respond very pred1ctably.
and a term related to this computed veloc1ty (discharge/area) could be
introduced into the equations descr1b1ng the sediment concentrat1ons.

Another approach which is considerab1y less empirical, would be to
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examine some of the determinants of velocity--in particular, energy
slope--in attempt to account for some of the observed variation in
velocity. Impoundment of flood waters in the lower-gradient, downstream
reaches of the Big and Meramec Rivers--which would lessen the energy
slope--may explain the observed variability in velocity. This
phenomenon could be quantified readily using stage records from the USGS
gauge at Byrnesvilie for times corresponding to the collection of the 43
samples from Brown's Ford.

The foregoing discussion described the steps taken (or that need to
be taken) to accurately estimate suspended sediment concentrations in
the lower reaches of the Big River as part of an overall mass-balance
approach to quantifying the dynamics of toxic trace metals. Better
predictive capabilities for velocity--perhaps incorporating energy
slope--will enable correspondingly better estimates of sand, silt, and
clay-size particles in the suspended load and, ultimately, in the bed
and total sediment loads.

Attempts at directly measuring bedload transport did not produce
sufficient data for quantitation. In the three 1980-81 sampling
periods, bedload collections with the Helley-Smith sampler showed
measurable bed sediment movement at Brown's Ford only at high flow
(11,900 ft3/sec), and no bedload samples were collected by the St. Louis
District in 1978. Although the one bedload sample collected has not
been quantitatively evaluated in terms of either particle-size
distribution or metals content, visual examination revealed the presence
of substantial amounts of gravel- to cobble-sized materials. Figure 6
is a frequency distribution of mean daily discharge recorded at the USGS

gauge on the Big River at DeSoto from 1965 through 1980 (5,113 days).
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As this figure illustrates, flow at DeSoto exceeds 10,000 ft3/sec
infrequently. Further analysis of the data revealed that the daily
means exceeded this level only about 0.5% of the time. However, 10,000
ft3/sec is nowhere near maximum flood conditions for the period of
record. Mean daily discharge for the April 1978 flood exceeded 33,000
ft3/sec, and continuous records show that a peak flow of 34,200 ft3/sec
was recorded during this flood (Appendix A). USGS (1981) reports that
the flood of record at DeSoto was 55,800 ft3/sec (1580 m3/sec) and
occurred on June 30, 1957; prior to the period of record, which began in
October, 1948, the maximum flood (August, 1915) was estimated to have
been 70,500 ft3/sec (2,000 m3sec). From this information, it can be
concluded that discharge levels capable of moving significant quantities
of material in the lower reaches of the Big River as bedload occur
infrequently, but tﬁat thé quantity of material involved is probably
significant. This material must be accounted for in evaluating total
sediment transport.

The most accurate method for estimating total sediment transport
(bedload + suspended load) in a river system is the "Modified Einstein
Procedure" (Vanoni 1975). This procedure is accurate because it
incorporates actual field measurements (suspended load and streambed
textural composition, measured or computed velocities, etc.) and easily
derived laboratory data (fall velocities and densities for several size
classes of particles) to estimate transport in the unmeasured (bedload)
portion of the stream channel. Other available techniques rely more on
theory and less on actual data. Using this approach, it should be
possible to estimate the total yield of sand, silt, and clay-sized

particles based on refined estimates of suspended load concentrations
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and veiotity, as per earlier discuseibns:f_The already-defined

re]ationships of particle concentrations with discharge and (eventually)
mean veloC1ty with discharge and energy s1$§e can then be 1ncorporated
into the mod1f1ed Einstein procedure, wh1ch w111 result in a
relatlonsh1p that estimates the tota1 concentrat1on in each size class

as functions of discharge and energy's1ope3: Mean annual total sed1ment

yield fortghe‘1ower portion of the Big?R?Ver'watershed can then be

estimefed by combining this total sediment ‘concentration/flow .
relationshﬁﬁfand the integrated form of the flow=-frequency distribution
(Fig.:g);"~ff the flow-frequency distribution is not significantly
differentrfrum normal, then the computetibnal burden could be reduced
great]y by u51ng standardized areas of the. norma1 distribution.
However, ana]ysxs of the data represented in Fig. 6 by the Durbin-Watson
test procedure (Sokal "and Roh1f 1969) reveals that even after
1og-transformation the flow- frequency d1str1but10n for DeSoto is
s1gn1ficant1y different from normal (Qf0,35,_2_<0°01)o The s1mp1est,'
most straight-forward approach, then;iwjtlvbe to integrate by dividing
the curveiup into segments and compuﬁerg"individual areas., This will be
further s1mp11f1ed by the fact that the. data used to generate F1g° 6
were orig1na1ly reported by USGS in 22 classes (USGS 1981).

The’fwna] step in the mass-balance .computations will be to relate i
annual yfeidé of sediment to annual ;iede“of metals--especially of Pb.
As dieeuSSed earlier, this necessitEtesmaeEOuhting for differing
concentra;iens of the metals in the-varéuus particle-size fractions.
Howeveri;a problem inherent in thf;zuypezof-1nvestigation is that of

acturate1y'cp\1ecting sufficient quantities of suspended sediments to

d1vide,§m6ng several size fractionsriur trace metal analysis.
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Alternatively, total metal concentrations and particle-size composition
can be measured independently for each suspended sediment sample; the
relationships between the grain-size distributions and metals
concentrations can then be determined statistically. The more samples,
the more particle size classes that trace metal concentrations can be
estimated for. Ultimately, with many samples, this relationship could
be smoothed into a continuous function of particle diameters. (In this
study, the St. Louis District's 1978 data were quantified only in three
size classes--sand, silt, and clay-sized particles.) Using the St.
Louis District's data and the data from the 198C and 1981 collections at
Brown's Ford (43 observations) the following model was fit using
multiple regression:
logyg Y§ = Dixj + baxp + b3x3 + €

where Y; = total dry weight suspended metal .concentration in ug/g
(suspended metal/measured or cbmputed total suspended solids X 105); X1»
x2, and x3 are the proportional representation (percentage/100) of sand,
silt, and clay-sized particles, respectively; by, by, and b3 are
regression coefficients related to the metal concentrations in each
fraction; and e is random.error. Results of these computations (Table
7) show that particle-size distribution accounts for >99% of the
variability in the concentrations of suspended Pb, Zn, Fe, and Mn} >97%
of the variability in suspended Cu; and >86% of the variability in
suspended Cd. All models were highly significant (p<0.01) as were all
regression coefficients except that for Cd--sand, which was also
significant but at a lower probability level (p<0.05).

Several features of Table 7 are worth highlighting. First,

suspended Pb concentrations in the three size fractions appear similar;



Table 7. Regre551on coefficients re]at1ng logyg total dry-weight suspended
metal concentrations (mg L= /total suspended solids «x 105) and
proportional particle size compos1ton (%/100) at Brown's Ford,
'1978-1981 (n=43).3 -

b Coefficients _ o

Metal .. Sand- Silt ,,,glayj~’=. R2 X0

Pb 2.6 3,348 3 258 .99 1,850.4
cd '\1.184> 0.730 ) 1. 450 . .86 9.5
Zn " 2,982 3,017 2,970 .99 993.8
Fe 5.359 4.469 4742 .99 34,434.0
M BRERYY: 3.429 3,168 .99 2,151.0
Cu 2,434 1.579 2.487 .97 95.8

4A11 models s1ghif1cant p < 0.01; all coefficients significant
(0.01 < p < 0 05 for Cd- sand, g,< 0.01 for all others).

bGeometmc mean dry=we1ght concentrat1on ug/g°
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and second, coefficients for Pb, Zn, and Mn appear highly
correlated--although differences in the magnitude of the coefficients
among size classes are small for all three of these metals, the small
differences present are nearly identical for Pb, Zn, and Mn, and appear
much more closely correlated than the coefficients for the other three
metals. As the coefficients illustrate, concentrations of Pb, Zn, and
Mn appear highest in the silt fraction; slightly lower in the sand
fraction; and lowest in the clay fraction. Fe, Cu, and Cd
concentrations were highest in the clay fractions; lowest Cu and Cd
concentrations occurred in the silt fractions; and lowest Fe
concentrations were in the sand fractions.

To briefly summarize the preceding discussion, the means are
presently available to quantify the magnitude of sediment and
sediment-borne metals transport im the Brown's Ford reach of the Big
River. The conceptual framework and computational flow for-this
quantitation, although not yet completed, are outlined in Fig. 7. When
completed, the anaiysis of sediment transport is certain to show the
importance of major runoff events--flooding--in the transport of toxic
metals in the solid phase.

The high concentrations of metals in the solid phase, as described,
make it easy to overlook the relatively low concentrations present in
the liquid phase. Yet, on a mass-balance basis liquid-phase transport
may be as or more important than solid-phase transport simply because of
the much greater volumes of water than of sediment passing through the
river in any given time period. The approach to be taken in evaluating
liquid-phase transport is essentially the same as that outlined for

solid-phase transport, but is much simpler overall. The responses of
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the dissolved metals concentrations to changes in discharge need to be
evaluated and quantified; then the flow-specific concentrations need
only be weighed using the flow-frequency distribution (Fig. 6) to arrive
at the flow-weighted annual mean yield of the metals in the
liquid-phase. A much cruder approach is to use an unweighted
average--say, 0.01 mg/L for Pb; 0.0005 mg/L for Cd; 0.025 mg/L for In;
0.075 mg/L for Fe; 0.03 mg/L for Mn; and 0.30 mg/L for Ba. The USGS
reports the long;term average annual discharge for the Big River at
DeSoto as 486,000 acre-ft/yr (577 hm3/yr). Multiplying the unweighted
average concentrations by this figure and adjusting the units
accordingly (MT = mg x 10'9; L = hmd x 10'8), a first approximation at
annual liquid-phase export of metals from the Big River watershed is Pb,
0.57 MT; Cd, 0.03 MT; Zn, 1.44 MT; Mn, 1.73 MT; Fe, 4,33 MT; and Ba,
17.3 MT. Refined, flow-weighted e%timates of these annual fluxes will
have to be included along with the estimates of solid-phase transport in
any consideration of water quality in the proposed Pine-Ford Lake. The
fact that of the dissolved metals, only Ba concentrations exhibited any
correlation with flow (r=-0.32, Table 5) may imply that an unweighted

average, as used above, may be sufficiently accurate for all but Ba.

Metals in Sediments

The sequential sediment extraction procedure employed in this
investigation was modified only slightly from the one developed and
described by Tessier et al. (1979). As such, it is appropriate to begin
this discussion with their original interpretations of the five

fractions:



A

"Fraction 1. Exchangeable. Numerous studies ... on sediments
or on their major constituents (clays,: hydrated oxides of iron
and manganese, humic acids) have demonstratd the adsorption of
trace metals; changes in water ionic composition ... are
likely to affect sorption - desorption processes.”

“fbaétion 2. Bound to Carbonates. ... éignificant trace
metal concentrations can be associated with sediment
carbonates; this fraction would-be susceptible to changes of
pH," .

_“"Fraction 3. Bound to Iron and Manganese Oxides. It is well
establisned ... that iron and manganese oxides exist as
nodules, concretions, cement between particies, or simply as a
coating on particles; these oxides are excellent scavengers
for trace metals and are thermodynam1ca1]y unstable under
anoxic conditions (i.e., low Eh)- :

"Fraction 4. Bound to Organic Matter. Trace metals may be
bound to various forms of organic matter: living organisms,
detritus, coating on mineral particles, etc. The complexation
and peptization properties of -natural organic matter (notably
humic and fulvic acids) are well recognized, as is the
-phenomenon of bioaccumulation in certain living organisms.
Under oxidizing conditions in natural waters, organic matter -
can be degraded, leading to a release of soluble trace
metals." . ' :

"Fraction 5. Residual. ... the residual solid should contain -

- mainly primary and secondary minerals, which may hold trace
metals within their crystal structure. These metals are not
'expected to be released in solution over a reasonable time span -
under the conditions normally encountered in nature."

The procedure is summarized in Figure 8.

EvaIJdﬁion of the sequential exthai?ion procedure, To asses§ the-

accu}acy of the sequential extractibn procedure, separate aliquots of
each sediment sample was digested and analyzed for total metals using
trad1tiona1 acid digestion and atomic absorption procedures. These
resplts are compared to correspondtng-gqms of the sequent1a11y=e¥£raqted
fractidﬁé;for Pb, Cd, In, Cu and ééziﬁ”Fiéure 9. As these plots

illustrate, agreement between the ‘two methods was excellent for Pb, good
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for Cd, and “otherwise" for Cu, Zn and Ba. Statistically, these plots
were evaluated using linear regression. The model

logig Yj = a + b logyg x + £
was fit, where Y; = total metal concentration determined by conventional
methods, a = intercept, b = regression coefficient (slope), x = the sum
of the sequentially-extracted fractions, and e = error. Perfect
agreement between methods would yield linear relationships with a = 0.0,
b = 1.0, and perfect correlation (RZ = 1.0). As illustrated by Table 8,
log transformation reduced the variability greatly for Pb, Cd and Zn,
but not for Ba or Cu. For Zn, Ba and Cu, examination of the
untransformed plots shows increasing variation with concentration, a
trend which was probably not totally eliminated even after log
transformation. From these results, it appears that the sequential
extraction procedure is both accurate and precise for total Pb; is
precise, but slightly underestimates tdta] Cd; is fairly accurate for In
but loses precision at higher concentrations; is marginally accurate and
precise for Cu; and is of limited utility for assessing the availability
of Ba. Based on these appraisals, the data for all metals studied are
included in this report, but only results for Pb, Cd, and, to a limited

extent, Zn are discussed in any details.

Adjusting for textural differences among sediment samples.

Although every effort was made to select "riffle" (scouring) and "pool™
(depositional) areas at each site for sediment callections, cursory
examination of the grain-size data (Appendix B) revealed that
riffle-pool differences were not distinct at some sites, that the

differences between riffles and pools were not consistent among the
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Table 8. Intercept values (a), regression coefficients (b), and R2 values
determined for the relationship logyg (total metal concentration)
=a+b L) (sum of sequential fractions)].

3

Metal - i,f | a | 7_7 e b . R

Pb T -0.22%% L 1,06 .99

e cd 0.82¢ o mqgyes .95
2 In 0.6 T 0.92w .o

Cu S 0.31% R L .65
Ba - 0,57+ LT 0.76we .65

#%p ¢ 0,01 I

# 0,01 < p < 0,05
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sites, and that within sites there was some overlap--some "“pool" samples
had grain-size distributions more typical of "riffle" areas, and
vice-versa. For example, at Brown's Ford, two of the three pool samples
contained about 45% sand, 37% silt, and 18% clay; the third contained
72% sand, 23% silt, and 5% clay, and at Desloge, the pool samples were
coarser in overall texture than were the riffie samples. Initial
statistical analysis of the trace metal data for these samples suggested
that observed differences between riffle and pool samples might be
caused only by textural differences in the samples., The differences
were substantial in some instances; at Brown's Ford, total Pb
concentrations (on a dry weight basis) averaged 583 ung/g for riffle
samples and 2633 ug/g for pool samples.

The easiest method of alleviating the grain-size problem is to use
mean values for each site. However, averaging all samples from a site,
although straightforward, would obfuscate any relationships related to
particle size distribution, and hence, sediment transport, because all
samples would be weighted equally. Instead, a more functional approach
was taken. First, multiple regression was used to define the
relationships between metals concentrations (total and for each
sequential fraction) and particle size distribution for each site, as
described previously for suspended metals. The model

Tog1g i = byxp *+ boxp + byx3 + ¢
where Y; = concentration of metal (total, or in a sequential fraction);
X1s X2, and x3 are the proportional representations of percent sand,
percent silt, and percent clay, respectively; by, by, and b3 are
regression coefficients related to the relative metal concentrations in

each size class; and g is random error, was fitted to the data from
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each site, The coefficients were tngn used to adjust the concentrations
in each sample to the mean grain=sfze:djgfribution for the site, using

the Formuié‘genera11y applied to adjust treatment means in the anélysjs
of covéﬁiancé"(Neter and Wasserman'1974); ”'

A ' Ceme -
YiT= Yo by (xg = Xp) = bp (xp = Xp) - b3 (x3 - x3)

e SoeE |
where Y; = logyg (adjusted concentration), by - b3 and x; - x3 are as

describedigbove, and X7, Xo, and Ib‘éréiihe respective proportional
représehtation of the mean sand, siit,‘and clay percentages for the -
site. _

Results from the multiple regressionrﬁortiOn of the above analyses

are presen{ed as tables of regression.coefficients (Table 9a-f). Al

regreé;ibns were highly significant (p0.01), except where the

= =g

concentration values for a fractiod‘wengfail-at detection levels. Tﬁése
fractfoﬁ%ican be easily located tﬁ;taﬁﬁés'ga-f==they are the ones_with
identical coefficients for sand, silt;f;nd clay fractions (see, for
example, T§b1e 9: Cd at Ironda]é.énQ'invﬁhe Black River). R2 vques
for ﬁd§t¥neiétionships exceed 0.954;tn&i£§£§ng that grain-size ‘_4%A
compositibn_alone accounted for most of the differences in metal
concgﬁﬁbations among samples from a Tocation.

The:mq1tip1e=regression coeffiﬁgéﬁts were used to adjust the
concentrations of each fraction td:théﬂhean particle size content for
the'site.;ﬁpm which the sample came.(@éah percentages for the sites are
115ted:iﬁ Table 9f). The adjuste&f;onceé¥rations for each fraction were
then'avefagéd for each site and sUmmed:to arrive at the mean adested
total-;éfal concentration for each site: This new total was used as the
bésjs for computing the average proportjénal contribution of the five

sequential fractions. The adjusted totals and percentages thus éomputed




Table 9a. Multiple regression coefficients relating dry-weight concentrations of Pb (total and fractions)
in the sediments to particle-size percentages. See text for explanation.
Big River
Brown's Ford Desloge Irondale
Phase sand silt clay sand silt clay sand silt clay
Exchangeable .60 2.74 N - 1.31 -8.80 10.86 .10 .70 .70
Carbonates 2.30 5.84 .26 2.76 10.31 4.66 .17 5.49 -19,83
Oxides 2.52 4.25 2.03 2.75 12,27 .77 1.22 -.79 23.38
Organics 1.66 3.28 .01 2.04 11,92 -9,33 .10 2.93 2.82
Residual 1.73 3.00 1.90 2.93 -1.25 -11.74 1.11 -3.67 22.89
Sum 2.80 5.28 1.63 3.33 7.99 1.52 1.62 .41 14.88
Total 2.69 5.02 2,22 3.28 7.94 3.25 1.47 1.24 13.02
Black River
Upstream Clearwater L. Clearwater L. Downstream Clearwater L.
Phase sand silt clay sand silt clay sand silt clay

Exchangeable .70 .70 .70 .70 .70 .70 .70 .70 .70
Carbonates .70 .70 .70 1.28 1.68 .19 .70 .70 .70
Oxides .76 -8.15 6.84 1.47 1.45 -5.90 1.63 1.61 3.50
Organics .70 70 .70 1.14 1.13 -3.87 1.39 32.79 -35.34
Residual .71 3.04 -3.75 1.52 1.70 -32.44 1.66 30.79 -35.28
Sum 1.34 -.38 1.83 1.97 2.11 -9.16 2.07 12,27 -10.07
Total .90 17.81 15.15 1.98 1.67 1.18 1.99 6.96 -5.32

19



Table 9b. Multiple regression coefficients relating dry-weight concentrations of Cd (total and fractions) in
sediments to particle size percentages. See text for explanation.

' Big River
: P © . _Brown's Ford: .o jDl'ges]bgé DR Irondale - |
' Phase . . sand osilt ¢ . clay. - “sand silt =~ ~ clay ! - sand . silt ' .clay
Exchangeable .39 -.11 .43 025 9.10 - -1.47 ,15 | .15 .15
Carbonates . .42 2.09 -1.33 .87 3.28 -8.78 .15 .15 .15
Oxides j © .20 1.17 .40 - A48 5,21 3,19 o iS5 R 5
Organics .19 -.19 1.58 .34 -.33 .19 .15 .15 .15
Residual .07 -.20 1.99 1.61 7.16 -23.12 .01 .01 .01
Sum .71 1.83 .16 1.70 6.22 -13.11 42 .42 .42
Total .66 1.29 1.15 1.73 10.74 -17.22 .04 .56 -1.07
ft W , . . .
(. 0 Black River P ﬁ; |
) ' : ) I .
Upstream Clearwater L. Clearwater L. Downstream Clear L.

Phase sand silt clay sand silt clay sand silt clay
Exchangeable .15 .15 .15 .15 .15 .15 .15 .15 .15
Carbonates .15 .15 .15 .15 .15 .15 .15 .15 .15
Oxides .15 .15 .15 .19 -,09 -1.16 .16 .67 .58
Organics .15 .15 .15 .15 .15 .15 .15 .15 .15
Residua! .01 .01 .01 .02 17 -1.64 .05 1.28 -1.96
Sum .42 .42 .42 .44 .35 .84 .44 1.20 -.75
Total «37 .37 .37 .22 1.86 . -3.45 .13 .00 11.46

T 29



Table 9c.

See text for explanation.

Multiple regression coefficients relating dry-weight concentrations of Zn (total and fractions) in
sediments to particle-size percentages.

Big River
Brown's Ford Desloge Irondale
Phase sand silt clay sand silt clay sand silt clay
Exchangeable .82 1.06 .64 1.24 7.23 -.53 .15 .15 .15
Carbonates 1,90 4.08 .79 2.30 17.47 -.21 .59 3.48 9.63
Oxides 2.09 3.30 1.30 2.29 11.93 1.53 .98 .81 16.98
Organics 1.31 1.69 2,20 1.60 7.76 -2.74 .3/ 1.81 1.79
Residual 2.08 3.17 .70 3.09 .02 .17 1.37 2.16 20,02
Sum - 2.55 3.91 1.17 3.23 9.10 -1,39 1.57 2.37 18.83
Total 2.50 2.46 4.38 3.47 13.24 -17.24 1.71 4,70 ~-4.47
Black River

Upstream Clearwater L. Clearwater L. Downstream Clearwater L.

Phase sand silt clay sand silt clay sand silt clay
Exchangeable .15 .15 - .15 .15 .15 .15 .15 .15 .15
Carbonates .47 -7.03 11.59 .97 1.14 -.86 1.47 11.05 ~-14,35
Oxides .68 -8.33 19.21 1.31 1.27 -4,72 1.60 2.39 -2.68
Organics .24 -6.94 6.59 .86 1.03 3.19 .9 8.04 ~-8.60
Residual 1.14 -3.19 8.27 2.03 1.03 5.45 2.06 7.28 -9.43
Sum 1.31 -5.28 12.49 2.15 1.43 3.75 2.28 7.13 -8.03
Total 1.36 6.10 11.83 2.24 2.00 1.06 1.92 -4.69 8.32

€9
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Table 9d. Multiple regression coefficients relating dry-weight concentrations of Cu (total and fractions) in
sediments to particle size percentages. See text for explanation.

3 . _i : _ o o

: E ’ jr T ..,_ T P . ‘ T : ‘T SRR
Big River: IR o . ! PR
! : i |
i Brown's Ford " Desloge " Irondale
: Phase sand silt clay sand silt clay sand silt clay
Exchangeable .15 .15 .15 .15 6.91 -6.27 .15 .15 .15
Carbonates AT ~.16 .02 .53 16.81 -17.56 .10 .04 4.92
Oxides .50 ~.32 1.23 .15 6.45 -5.52 .08 -1.60 16.79
Organics .68 3.46 .65 1.10 7.82 4.17 .14 2.30 15.85
Residual .71 6.01 -5,.83 1.47 11.49 2.43 .89 3.69 5.09
Sum 1,13 4.57 -2.19 1.65 11.57 2.35 .96 3.49 8.71
~ Total 1.22 2.68 1.72 1.50 -2.96 13.96 1.24 7.56 | -24.41
N R ‘ Sy L : . P \ ‘
. o 2 g " 1 ' ¥ oo . r A ' - [ .7“ N N A 1"‘}‘ . ‘,‘j; o ' v oo | ! | " ” ;rx"
‘ . I A o J N T A A R AP
- ‘ [ ' [ o L , . ' Lo L A i
' ‘ Black River ’ ‘
- Upstream Clearwater L. : Clearwater L. Downstream Clear Water L.
- Phase sand silt clay sand silt clay sand silt clay
Exchangeable .15 .15 .15 .15 .15 .15 .15 .15 .15
Carbonates .15 .15 .15 .15 .15 .15 .15 .15 A5 |
0xides .11 10.14 21.79 .38 -.02 -4.70 .28 -14.75 15.53
Organics .26 -4.49 16.74 .88 .93 .31 .87 1.78 .56
Residual o715 -7.21 8.15 1.51 1.58 -1.16 1.55 6.75 -9.40
Sum .87 -2.40 15.41 1.61 1.65 -.86 1.63 4.50 -5.53

Total J7 1.80 28.71 2.10 -.65 -15.28 1.6/ | -7.86 8.64

99



Table 9e. Multiple regression coefficients relating dry-weight concentrations of Ba (total and fractions) in the
sediments to particle-size percentages. See test for explanation.

Big River
Brown's Ford Desloge Irondale
Phase sand silt clay sand silt clay sand silt clay
Exchangeable 1.68 2.88 .79 .70 8.14 11.29 1.51 9.37 -24.29
Carbonates 1.64 2.45 1.19 .83 18.63 -1.49 1.47 7.93 -10.74
Oxides 1.80 2.74 .60 1.21 27.67 | -15.56 1.62 -.28 22.10
Organics 1.48 1.30 1.63 .60 3.93 8.74 .J2 9.76 -21.87
Residual 3.08 3.00 3.09 1.76 20.51 .31 2.35 2.93 3.76
Sum 3.15 3.18 3.11 1.93 20.61 -.10 2.52 4.39 1.77
Total 3.10 3.76 . 2.81 1.81 3.64 13.49 2.38 4.50 4.21

Black River

Upstream Clearwater L. Clearwater L. Downstream Clearwater L.

Phase sand silt clay sand silt clay sand silt clay
Exchangeable .72 -19.86 43.02 2.02 1.11 -7.62 1.90 3.76 -6.44
Carbonates .53 -.84 22.38 1.62 T1.61 3.00 2.30 4.54 -6.93
Oxides .45 -20.79 19.56 .86 .62 -12.22 2.73 13.08 -15.81
Organics .30 .30 .30 1.31 1.54 6.27 1.97 22.74 -24.68
Residual 1.97 2.50 -11.11 2.13 1.64 29.59 2.56 10.81 -11.25
Sum 2.02 .16 -4.77 - 2.46 1.98 17.54 3.11 11.77 -12.47
Total 1.78 6.92 15.56 2.65 2.56 3.61 2.61 5.56 -1.92

S9



IS u‘; k;i N N A‘L A 4 . 4 . 4 4 A 4

Table 9f. Multiple regression coefficients relating dry-weight concentrations of Mn and Fe (total and fractions)
‘ in the sediments to particle-size percentages, and values for mean percentages of sand, silt, and clay
3 , size particles at each site. See test for explanation.
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it

Big River “ L : Lo
Brown's Ford Desloge Irondale
Phase sand silt clay sand silt clay sand silt clay
Exchangeable
' Carbonates 4.05 5,09 2,50 4,10 13.89 .96 4.09 5.91 3.97
. Oxides 3.94 4.28 4,99 4.45 -3.02 10.91 4.04 7.87 -4.48
- Organics
Residual 1.78 3.12 - .24 2,91 11.64 -3.50 1.87 4.76 -3.51
~ 'Sum ) 2.78 3.93 2,58 - 3.59 -4.35 11.42 2.93 | 5.42 7.55
‘ foiJotal o b o0 ] 73.20 ' 18.80 | . 8.0 f .96.3: - 2.0 1.70 93.10 | 5.70 - .. 1.20"
‘ | v : P 5 : ‘:
i 1 | . . , !
B Black River
Upstream Clearwater L. Clearwater L. Downstream Clearwater L.
Phase sand silt clay sand silt clay sand silt clay
Exchangeable
Carbonates 3.64 -8.42 18,92 4.39 4.15 9.75 4.58 11.43 -10.22
Oxides 3.55 14.58 18.31 4.52 4.64 6.85 4.16 2.11 5.28
Urganics
| Residual 1.42 -18.83 18.49 2.23 1.68 8.31 2.40 14.71 -16.36
o : Sum = 1.94 15.60 36.10 - 3.30 3.69 -1.00 3.97 9.21 -4.89
| ! Total 98.70 0.70 | .0.60 91.70 7.50 0.80 92.80 3.50 | 3.70
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Pb FORM DISTRIBUTION, BY LOCATION
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' | ‘Figure 10 . Aaljusi:ed] ttolta':]]. sediment Pb concepﬂ:i‘étions (vg/g, dry'weighc) and proportional representation
; © ' of the five sequentially-extracted fractions. See Figure 8 and text for further explanation. .
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Cd FORM DISTRIBUTION, BY LOCATION
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Figure 11. Adjusted total sediment Ccd concentrations (ug/g, dry weight) and proportional representation
of the five sequentially-extracted fractions. See Figure 8 and text for further explanation.
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Zn FORM DISTRIBUTION, BY LOCATION
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Figure 12. Adjusted total sediment ZzZn concentrations (pg/g,.dry weight) and'proportional pepreséntation

of the five sequentially-extracted fractions. See Figure B and text for further explanation.



Cu FORM DISTRIBUTION, BY LOCATION
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Figure 13. Adjusted total sediment Cy concentrations (ug/g, dry welght) and proportional representation
of the five sequentially-extracted fractions. See Figure 8 and text for further explanation.
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Ba FORM DISTRIBUTION, BY LOCATION
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Flgure 14 . Adjusted total sediment Ba concentrations (ug/g, dry wéight) and proportional répresentatlon
of the five sequentially-extracted fractioms. See Figure B and text for further explanation.
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metals. Total Pb residues at the Black River/Clearwater Lake sites were
far lower than in the Big River--21 ug/g above Clearwater Lake, 77 ug/gq
in the lake, and 89 ug/g downstream.

The Big and Black Rivers are both hard, highly-buffered river
systems; under such conditions, available sorption sites on sediment
particles might be occupied by naturally-occurring Ca and Mg ions. Not
surprisingly then, exchangeable Pb concentrations (as well as other
exchangeable metals) were generally low. The exchangeable percentages
appearing significant in Figs. 10-14 may therefore be artifacts of low
total metal concentrations.

Carbonate-bound Pb was substantial at many sites, especially in the
Big River. The proprotional contribution of carbonate-bound Pb was
greatest at the lower Big River stations (including Mineral Fork),
slightly lower at Desloge and in tailings, and lower still in Clearwater
Lake and in the Black River downstream of the lake (Fig. 10). At
Desloge, Brown's Ford, and in Clearwater Lake, highest concentrations of
carbonate-bound Pb were associated with particles in the silt-size
fraction; at Irondale, with clay-sized particles; and at the two Black
River sites, concentrations were too low for assignment to size
fractions (Table 9a). Collectively, these results reflect the
geochemistry of the region.and the resulting importance of the
carbonate-bicarbonate system in the Big River, where the watershed is
mostly underlain by dolomitic limestone and the tailings themselves are
actually ground dolomite. In the Black River watershed and in the
headwaters of the Big River, other chemical systems may be more
important in controlling Pb distribution.

The Fe and Mn oxide-bound fraction for sediment Pb was important at

all sites. Proportionally, it was lowest in the Black River above



Clearwater Lake (22%) and highest doWnstneamfof the lake (55%) and at
Irondale (45%) (Fig. 10). This fract1on,Ltogether with the ‘

carbonate-bound fraction, accountedffor'aboutVBS% of the total sediment

Pb content. at the two lower Big River sites (Washington State Park and
Brown{; Eond), 77% at Desloge, and-}Ti*Tnithe tailings. Concentrations
of Fe and ﬁn oxide-bound Pb were highestkan the silt fraction at Desloge
and Brown s Ford and in the clay fnaetion at. Irondale and both upstream
and downstream of Clearwater Lake (Table 10) Within the lake,

oxide- bo;nd Pb was lowest for clay s1zed partlcles and about equal for
sand and ‘silt-sized particles.

Compared to the carbonate and ox1de'bound fractions,
organjca]lyabound Pb represented a nelatmgely low percentage of the
tota? sedfment Pb concentration at all sites, ranging from a low of
about _ 4 4 5 0% at Brown's Ford, Nash1ngton State Park, Des]oge, and in
ta111ngs, to a high of 12-15% at the other sites, The highest
percentages occurred within and above Clearwater Lake (Fig. 10).
Generally, Pb associated with organ1c material represented <5% of the
tota1:1ncta111ngs and at sites thatfnave exper1enced direct
contaminat1on by tailings, whereas‘at-oncontaminated sites, it exceeded
12%.- Organ1ca11y=bound Pb concentrations were highest in silt-sized
particles at a]l sites (Table 9a).

" Residual Pb represented 22=24%;of the total sediment Pb
concentration at Irondale and at ﬁaneralL?onk in the Big River
watersheo:'and.at all three Black Rfver]C1earwater Lake sites (Fig. 10).
The.percentage of total Pb compr{sed‘by tne residual fraction was lower
at the remafning Big River sites-s18=éQ% in tailings at Desloge, and
5=7%iaﬁmkashington State Park andfﬁnown's Ford (Fig. 10). In addition
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Table 10. Concentrations of the five sequentially-extracted fractions and
total Pb in sediments from Brown's Ford and Washington State Park
as proportions of the concentrations at Desloge.

' Fraction
Site Exchangeable Carbonate Oxides Organics Residual Total
Desloge 1.00 1.00 1.00 1.00 1.00 1.00
Washington
State Park .43 .97 .98 .74 .25 .75

Brown's Ford .53 71 .79 .61 .24 .60




4l

LS

a

A. A A. A. Al I

76 T

to tﬁe_dppé?ént decrease in the prqpobtidnai contribution of residuat PS
to the toté], the residual concentratioﬁg also declined, from 391-3§7
ug/g dry weight in tailings and at Qgs]gge_td_95-99 ug/g at the two
downst%eam:;%tesg Residual Pb conéentnaﬁfﬁné were highest in the silt

fract106{ét Brown's Ford and withiniéﬁdfﬁownstream of Clearwater Lake;

at lrondale, residual Pb concentfatﬁbnsaééée highest in the clay
fraction{gzﬁd at Desloge they were highest in the sand fraction; the .
fragqngAWhich also comprised 96% of the sediment (Table %a).

If,,aSéTéSsier et al. (1979) céﬁfe@é}’the residual fraction is
truly refract;ry within time spansiré]evaﬁiﬁto this study, then the
changes in the residual Pb conceﬁtraﬁkoplbﬁtween Desloge, Washington
State:Park, and Brown's Ford represehi'the éffects of dilution by
sediménfstifh Tower residual Pb conteagéénd the possible washout of
smaller particles high in residualiﬁ§7°lThe:ratios of residual Pb
tonceptrafions at Washington State Park:anderown's Ford to the
concentrggion at Desloge were 0,25:§ng 0,24, respectively (Table 10)D
Thesé'Vaiues,'which should be based"onl;;on transport-related phenomena,
can berégﬁpared to ratios for the ofhefrfractions as an indication of
the degree of interchange among thg'fractions that has taken place
during tra@sport. As the ratios for the other fractions and for total"
Pb iilhstrate, residual Pb changed:fdr moéé than any other fraction or
total PbrkTAble 10). This anomalyac;nléé‘il?ustrated further by the
folloﬁing:- at Mineral Fork, for 9£§mp}e,;;he residual Pb concentfatioﬁ,
waér40 ué/g; in tailings, it was 397 ;§7§;' If 40 ug/g is representative
of tﬁe fbackground" residual Pb é&étpnt*in downstream areas, then'the

=400 u'g/g concentration at Desloge>wohld:have to be diluted by aboui 7.5

times;giﬁh material containing only_db'ug/g to end up with =100 ug/g at
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Washington State Park and Brown's Ford. For carbonate- and oxide-bound
Pb, which together represented about 200 ug/g at Mineral Fork, the
tailings (21500 ug/g) would only have to be diluted by a factor of about
1.5.

There are two immediately plausible explanations for the apparent
contradiction represented by the fact that the residual Pb
concentrations declined some 2 to 3 times more between Desloge and
Brown's Ford than did the other fractions (Table 10). The first (and
simplest) is that perhaps the residual fraction is not as refractory as
envisioned by Tessier et al. (1979). However, this seems unlikely;
compared to most naturally-occurring processes, even the sequential
extraction steps that occur before final digestion of the residual
fraction are severe. If anything, the residual fraction as measured by
this procedure may be conservative} even Tessier et.al. (1979) cautioned
that the hydrogen peroxide oxidation at pH 2.0 may attack some sulfide
minerals in the residual fraction. Yet, even if the organic and
residual fractions are combined, the data in Table 10 show that the
ratios for the carbonate- and oxide-bound concentrations would still
differ from those of the more tightly-bound fractions, implying that a
mechanism other than simple dilution is at work.

A more likely explanation is that substantial quantities of
suspended and dissolved material derived from the Potosi and Eminence
dolomites enter the river upstream of Washington State Park and from
Mineral Fork, aided by the barite and gravel mining operations in those
portions of the watershed. Relative to the Desloge tailings, the
material derived from this region is low in residual Pb; it consists of

dolomitic limestone with a fairly high percentage of Fe and Mn oxides.
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These hqﬁerials are known to be effeetiveighjscavenging trace metals
from ihe'iiquid phase (e.g., Tessier e;731,'1979; Jenne 1968). A |
plausibTeHeXplanation of the differeheés-between the fractions is that
suspended—material which is relatively igw'in Pb content enters the
river downstream of Desloge, caus1ng an initial dilution of the
sol1d-phase Pb concentration, This mater1al, together with tailings,
becomerthe'“3ct1ve“ sediments-asuspended bedload, and bed sediments.

Carbonates and hydrous oxides of Fé and. Mn in these active sed1ments

then sequester and concentrate Pb from the 11qu1d phase, which tends to

d1m1n1sh ‘the effect of the initial ‘ditution of the tailings material,
Someth~frem the liquid phase probablytelso-precipitates as PbCO3, which
is ihsoﬁasle and would be accounted“for;dhkthe carbonate-bound fractieh.
Add1t1ona1 liquid-phase Pb is probably sequestered by organic material
in the sediments, although the sequential extraction results suggest
that ‘the organic bound fraction represents a much lower proport1on of
the sed1ment Pb reservoir than ddufhe carbonate= and oxide-bound
fractions. Even more 1mportant,-however} is that the assoc1at10ns'of
metals with carbonates and with Ee_and'Mnshydrous oxides are by no means

permanent; these fractions, as weTl'as;some of the organically-bound

fraction;rconstitute "important sourdés of potentially available trace

'metals“‘(Tessier et al. 1979, citing Jehne and tuoma 1977).

The most prominent feature of the resu]ts for sediment Cd was the
1ow concentratwns° Total Cd 1eve15 were less than 1.0 ug/g dry-weight
at Irondale and at all three sites. 1n the Black River. Adjusted'tota1
Cd-levels were highest at Deslogeﬂ(Boqu/Q) and in tailings (15 ug/g),
and’decreesed with distance downstreemfto 11 ug/g at Washington State

Park-ahd—6°5 ug/g at Brown's Ford}f,As~reported for Pb, Cd
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concentrations in Mineral Fork sediments (2.5 ug/g) were higher than
concentrations at Irondale and in the Black River watershed (Appendix
B).

Results of the sequential extraction procedure for Cd are presented
in Fig. 11. An immediately noticeable feature of this graph is that the
adjusted totals displayed beneath each bar for Irondale and for the
three sites in the Black River watershed are higher than the
concentrations listed in the preceding paragraph. This is an artifact
of summing values for several fractions that were reported as equal to
the lower limit of detectability (0.02 ug/g), but which were actually
lower. The values for total Cd measured by conventional methods, listed
above and in Appendix B, are better estimates of the total Cd
concentrations at these sites than are the sums of the sequential
fractions presénted in Fig. 11. .

At the Big River sites where Cd concentrations were measurable,
several features of the sequential extraction results were similar to
the results for Pb; however, there were also some noteworthy
differences. As reported for Pb, sediment Cd concentrations at Desloge
were higher than concentrations in the sample taken from the tailings
pile (Fig., 11). This two-fold difference most likely resulted from the
fact that Desloge samples were collected from a site immediately
downstream of the confluence of Flat River Creek with the Big River
(Fig. 1). Flat River Creek is known to be a source of tailings to the
Big River; sediments in its lower reaches contained up to 35ug/g in
1975 (Kramer 1976).

One difference between the results for Pb and Cd was the

proportionally greater contribution of exchangeable Cd than of Pb in the
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sediments at all sites affected by»taﬂings’?(Flig° 11). Exchangeabfe Cd
concentrat%ons, where measurable, wererfeir1y uniform, ranging from 0.9
ug/g (15%) at-Brown's Ford to 2,6 ug/g (ia;ﬁ%) at Washington State Park
(Fig. 11). §Oncentratidhs were highest in silt-sized particles at
Des]dgejiﬁt*Brown's Ford, they were«highegt;in the clay fraction (Table
The h1gher exchangeable percentages for Cd than for Pb may be
attrlbutable to many factors, but the h1gh1y buffered
carbonate=b1carbonate dominated chem1ca1fsystem in the Big River and the
sorption differential between Pb and Cd may be the most important. In

the exchangeable section of the sequentia] extractlon procedure, it was

1mposs1b1e to keep the pH neutral; the h1gh “carbonate- blcarbonate Tevels

in the sedimentowater mixtures tended to shift the pH toward 8.2
1mmed1ate1yeafter adjustment. whenvth1s:occurred, some metals were
probab]y reaadsorbed onto the surfaces of the solid material. .Since Pb
is much more rapidly and strongly adsorbed by inorganic ligands than is
Cd (Vuceta and Morgan 1978), 1t-1sr1ikely'that some "exchangeable" Pb
was actually adsorbed onto carbonate-rich sediment particles and
extracted 1n Fraction 2. Tessier et al. (1979) raised this very
question w1th regard to their own results for exchangaable vs.
carbonate=bound metals, suggesting that the pH needed to be Towered to
5.0 1n>t@e procedure before some metalespecifically adsorbed to
carpdhate,(eoge, dolomite) partidtes-we;jd;be released. In light of
this discussion, then, the "excﬁedgeebTe“ concentrations and percentages
for Cd probably reflect more accurately. the amount of sorbed metal than
do the vdldeS'for Pb at those site;dwﬁéFe the exchangeable Cd

concentrations were high enough to measure.
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Results for residual Cd also differed from those obtained for Pb;
proportionally, the residual fraction was much more important for Cd in
tailings and at Desloge (Fig. 11). Residual Cd concentrations averaged
19 ug/g (63%) in Desloge sediments, and 7.0 ug/g (47%) in tailings, but
fell to 0.7 ug/g (6%) at Washington State Park and 0.5 ug/g (7%) at
Brown's Ford (Fig. 11). Of the 15ug/g difference in total Cd
concentration between the tailings sample and the Desloge sediment
sample, 80% (12 ug/g) of the difference was accounted for in the
residual fraction. Residual Cd concentrations averaged only 0.04 ug/g
(1.6%) in Mineral Fork (Fig. 11). Residual Cd concentrations were
highest in the silt fraction at Desloge and in the clay fraction at
Brown's Ford (Table 9b).

Results for the carbonate- and oxide-bound Cd fractions were more
like the results obtained for Pb.- Carbonate-bound Cd concentrations
were 4,6-4.7 ug/g at Desloge and in the tailings sample, representing
16% and 31%, respectively, of the total Cd. At Washington Staté Park,
the carbonate-bound Cd concentration was higher--6 ug/g (55%); at
Brown's Ford, 2.9 ug/g (44%); and in Mineral Fork, 0.5 ug/g (20%) (Fig.
11). Carbonate-bound Cd concentrations were highest in the silt
fraction at both Desloge and Brown's Ford (Table 9b).

Oxide-bound Cd concentrations were highest at Desloge (3.5ug/g),
but only represented 12% of the total; likewise, the 1.0 ug/g
oxide-bound Cd in the tailings sample represented only 7% (Fig. 11). As
reported for Pb, the relative importance of the oxide-bound fraction was
greater downstream; at Washington State Park, oxide-~bound Cd accounted
for 16% of the total (1.7 ug/g), and at Brown's Ford, 23% (1.5 ug/g)

(Figs. 11). Together, the carbonate- and oxide-bound fractions



4

represented 27% of the total Cd at desiOQe; 38% in tailings; 71.3% at
Washington State Park; and 67% at Browniet?ordo In Mineral Fork,
carbonace% and oxide-bound Cd concentraiions were 0.5 ug/g and 1.2 ug/qg,
respectiveiy, and together accounted for 67% of the total. Highest
carbonate=bound Cd concentrations occurred in the silt fraction at both
Desioge “and Brown's Ford. Oxideabound*cd levels were also highest in
the siitrfnaction at both sites,rbutracrﬁesioge they were nearly as high
in theﬂciay fraction; carbonateeboond”cq concentrations were lowest for
ciayesizeo:oactic]es at Desloge (Tab]eiéb),“

Organicaiiyabound Cd concentrations were low at all Big River
sites, reaching a high of only 1.1 ug/g at Desioge° At Washington State
Park andﬁin Mineral Fork, the organic-Cd concentration was <0.4 ug/g,
and at Brown's Ford, 0.7 ug/g. Péopocoionaiiy, organic Cd represenﬁed
<4% oi cne;total at Desloge, 1in tneifailings sample, and at Washington
State Park and '11% at Brown's Ford (Fige 11). Organic Cd
concentrations were highest for ciayasize particies at Brown's Ford and
for sand-size particles at Desloge (Table,,9b)o

AitnoUgh most Cd concentrations:in;samples from the Black Riven'
wateréned‘were very low, some treno§‘emerged that are worth noting.
Total Cd concentrations averaged hioner_yithin (0.62 ug/g) and ;
downstream (0.37 ug/g) than above (d;ogeﬁg/g) Clearwater Lake. Total
Cd concentrations were highest for silt-size particles within the lake,
but:werthighest by far in the ciayff?action downstream of the lake
(Taoie 95) It was the residua) and oxide bound fractions that
contained the measurable concentrations both within and downstream of
theriake»(no fractions in the sampies fgom ‘upstream of Clearwater Lake

containeﬁzenough Cd to warrant discuegion)° Based on these feateres of
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the data, then, it appears that the mechanism of solubilization and
re-precipitation with Fe and Mn hydrous oxides postulated as an
explanation for the apparent increase in Pb concentration within and
below Clearwater Lake may also describe the behavior of Cd in the Black
River watershed.

Although the effects of differing particle size distributions
between the samples from within the lake and downstream cannot be
discounted, the concentration coefficients for total Cd (Table 9b) show
that there is a marked difference in the particle-size association of
the Cd between these two sites. Within the lake, the silt fraction
accounted for nearly all of the Cd, with the lowest concentration in
the clay fraction; below the lake, virtually all of the Cd was in the
clay fraction (Table 9b). These results support the hypothesis of
solubilization and subsequent reprécipifation, either directly as CdCO3
or as Cd*2 sorbed onto hydrous oxides of Mn and Fe. Concentrations in
the downstream sediments were too low to differentiate conclusively
between carbonate- and oxide-bound fractions.

Total Zn concentrations in Big River sediments ranged from a low of
64.9 ug/g at Irondale, rose to a high of 1658 ug/g at Desloge, then
declined with distance downstream to 704 ug/g at Washington State Park
and 485 ug/g at Brown's Ford (Fig. 12). Total Zn levels in Mineral Fork
sediments were surprisingly high--370 ng/g. In the Black River
watershed, total Zn ranged from 21 ug/g upstream of Clearwater Lake to
127 ug/g within the lake and 115 pg/g downstream (Fig. 12).

Examining the particle size coefficients for total Zn reveals that
concentrations were highes; in the silt fraction at Irondale anc

Desloge, and in the clay fraction at Brown's Ford and in the Black River



both apetream and downstream af ﬁfearwager Lake (Table 9c). withia the
1ake,rte;a1 Zn concentrations were TeweSt for clay-size particles and a
aee;t'equal for the silt and sandﬂffactfens. Total Zn concentrations
were lowest in the clay fraction- w1th1n the lake and highest downstream,
as was deschbed for Cd. Further exam1natton of the particle-size
coefficients reveals disagreement“between'the computed Zn distributions
usinafthe sum of the sequential.frEEtions.and the distribution using the
conventiona]ly determined values for total Zn (Table 9¢c). For thia
reason, and because of the apparent 1mprec1s1on at high concentrat10n5
of the" sequent1a1 extraction techn1que EdJscussed earlier; Fig. 12),
further interpretation of the coeffleients for individual Zn feaceions
(TabTe 9¢) should be done cautiouslys- E

At the Big River sites upstreaﬁrgf Washington State Park (Desloge
and Iéondaie), in the tailings aambTe;iane at the three sites in the .
BIack—River watershed, at Teast 56%;bfithe Zn in the sediments was in
the,beeidual fraction, and thereiwasfa4most no exchangeable Zn (Fig.
9¢). At7Washington State Park,'BEoﬁﬁ?éﬁFbrd, and in the Minera1,?ork,
carbbaate= and oxide-bound Zn predominated (Fig. 9c). Organie In was
relatively unimportant, accountingrfqrrﬁosz of the total at Mineral
Foea;7557%'at Brown's Ford, 5,4%Li;¥51earwater Lake, 5.1% below
Clearwater Lake, and <4% at the rest\of the sites (Fig. 12).

when Cd and In concentrations 1n the lower Big River were examined
relat1ve to concentrations at Desloge, as was done previgusly for Pb
(Table 11), a similar, but nonetheless d1fferent pattern emerged. The
results resembled those for Pb 1n that for both Cd and In, the residual

fraction decreased the most, and- the carbonate and oxide-=bound fract1ons

showed the least change (carbonate=bound_and exchangeable Cd
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Table 11. Concentrations of the five sequentially-extracted Cd and Zn fractions in
sediments from Brown's Ford and Washington State Park as proportions of
the concentrations at Desloge.

Residual

Metal Fraction and

Site Exchangeable Carbonate Oxides Organic Residual Organic Total
Cd

Desloge 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Washington . i

State Park 1.35 1.27 .49 .36 .04 .05 .34
Brown's Ford .69 .61 .43 .62 .03 .06 .22
Zn

Desloge 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Washington

State Park .42 .69 .89 .52 .17 .19 .37

Brown's Ford .30 .34 .60 .63 .16 .18 .26
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concentrations were actually higher atTWashington State Park than at
Deslogé)_(Table 11), The biggest difference among the three metals was

in the maghitude of the decline in‘the_}esidual fraction. Residual Pb

at Browp's Ford was 24% of the congeﬁtration at Desloge (Table 10); for

Zn, it was 18%; and for Cd, only 6% (Table 11). Repeating the™

"di1ut1§§ exercise" performed ear}jg::for=Pb, using residual Cd and Zn
concentrations in Mineral Fork qs’ﬁépresenpative of the downstream:
"background” levels, residual Zn would have to be diluted by a factor of

or Pb, the residual dilution factor

was aboﬁt 7.5) to account for theseaﬁpénges by dilution alone.
Fuétﬁehmore, these resuits are~h;§;éﬁaﬁgeﬁiappreciably if organic and
reéiduaf ffattions are combined, indicating that the differences among
thetméta]s are not related to an‘ihconsistency in the extraction
prbcedu;é's‘ability to dffferentiatE-tdéﬁé two tightly-bound fractions.
;:fﬁé observed differences fn;ﬁgé”relative'residual concentrations of
Pb, Cd-and Zn are probably related to!;ﬁéée closely-related properties
of tnéégéta1s: sorption, so]ubilitiﬁrqnd bioavailability. Pb, Cd, and
Zn co-occur as metal sulfides in ﬁhe pid,Lead Belt ores (USGS 1967), and
all thfge'sulfides are relatively,,j-nsQIUble° Pure galena (PbS) has a
solubility of 0.86 mg/L (0.74 mg/L Pb); greenackite (CdS), 1.3 mg/L
(1501 mg/L Cd); and sphalerite (Znsj,ib;ﬁs mg/L (0.44 mg/L Zn) in cold
waééf (Weast and Astle 1978),- Bgsed’on these solubilities and the
Eelatiu;iabundance of the metal.sufﬁfééél one would expect dissolved
concentrations of Cd>Pb>Zn. HoQéQéE;”the data show dissolved Zn>Pb>Cd
a;:all three Big River sites afféct;drbyin mine tailings (Table 4),
whiéhua1so corresponds to the abuhéghce-of the three metals in the

tailings.. A further explanation may-lie in the differential
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solubilities of the oxidized forms of the three sulfide minerals. It is
widely known that the surfaces of galena crystals oxidize rapidly to
PbSO4 upon exposure to air, and that the material that is now tailings
was mechanically processed--i.e., pulverized and rolled to its present
texture in the presence of air, then mechanically sorted (Kramer 1976).
Furthermore, Kramer (1976) presented evidence of bacterially-mediated
oxidation of PbS, CdS, and ZnS within the Elvins tailings pile on Flat
River Creek, as was also reported by Galbraith et al. (1972) for
tailings heaps in the Coure d'Alene mining district in Idaho. It is
therefore likely that much of what was originally PbS, CdS, and ZInS is
now PbS04, CdSO4 and ZnSO4. The solubility of PbSO4 is still relatively
Tow=-42.5 mg/L in cold water--but for CdSO4 it is 7.5 x 105 mg/L, and
InS04 is completely soluble. Note that for the metal sulfate
splubiiities, Zn>Cd>Pb and that the correlations between dissolved metal
concentrations and 504'2 concentrations in the Big River follow the same
order as these solubilities: For dissolved Pb and S04~2, r=0.21; for
dissolved Cd and SO4-2, r=0.47; and for dissolved Zn and 504-2, r=0.80
(Table 5).

Rickard and Nriagu (1978) describe a mechanism for the subaqueous
oxidation of galena under alkaline conditions that is enhanced by the
presence of Fe and Mn oxyhydroxides, which abound in the Big River.
Under conditions typical of the Big River, some solubilized Cd, Pb, and
Zn should be complexed by dissolved carbonates, and some should
eventually precipitate as CdCO3, PbCO3 and ZnCO3. Both phenomena would
account for the higher percentages of carbonate-bound metals at
Washington State Park than at Desloge. This process of carbonate

precipitation, together with sorption by Fe and Mn hydrous oxides,
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appéar‘téibe the dominant geochemjcaj;grdcesses controlling Pb, Cd, and
Zn disff{bution in the Big River.. }11 three metals may also be
compléXediby other inorganic 1igahd§,:jhé1ud1ng phosphate and chloride,
that afe:bresent in the Big River;'“HEWevef, these other species are
usdéiTy Unimportant compared to tﬁé~cakb§nate species and the sorbed
metals. (é g., VYuceta and Morgan 1978);'

Biolog1ca1 processes may a]so be.- 1mportant in the solubilization of
metals. In addition to the b1o]og1ca11y mediated oxidation of sulfides
d1s£h§sed earlier, the ab111ties:pf many natura]ly=occurr1ng and
syntheff&abrganic compounds to compié&?Pb“ Cd and Zn are well known.
Wixson and Bolter (1972) and Gale at- al (1973) reported that the
attached stream microflora can remove s1gn1f1cant quantities of metals
fnomﬁ;he water of Ozark streams Qgggfv1ng mine effluents; Tikewise,
rooted-équatic plants can both_éxtréétgﬁpme metals from the sediménts
and soﬁb'meta1s from the 11quid'ﬂh§§equﬁowever, the relatively low
dissolved metals concentrations in fi]iered water samples and thé
proport}dnately Tow representatiéqiéf’organica]ly-bound Pb,'Cd,'and
Zn in sediment samples suggest'that iﬁﬁéractions with the biota are less
importppt'in the Big River thanrthéjgeochemica1 mechanisms discussed
earlier. Total organic carbonpéﬁncen£}ations in Big River sediments
were fairly low, ranging from 0.4;9;2img/g at Brown's Ford, 1;4u2,9 mg/g
aflﬁé§hington State Park, Ooleégﬁfmgfg!at Desloge, 0.9-6.8 mg/g at
Irondaié, and 6.5-8,5 mg/g at Minen;ifFork (Appendix B). In comparison,
Kemp'aﬁd‘Thomas (1976) surveyedigﬁé*Sediments of Lakes Ontario and Huron

and found TOC concentrations in the Eénge of 2-4% (20-40 mg/g) in

uncoﬁiaminated, fine-grained sédiﬁéhts (mostly silts and clays), with

concentrations as high as 6% (60'm§}g)rwhere anthropogenic organic
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material had accumulated. Likewise, Toth and 0tt (1970) surveyed
impoundments in Pennsylvania and found organic matter at 1.6-7.4% (16-74
mg/g)--considerably higher than in the Big and Black River systems. The
uniformly low concentrations, even as far downstream as Brown's Ford,
illustrate the dominance of the Big River sediments by inorganic
material. It is therefore not surprising that organically-bound Pb, Cd,
and Zn concentrations were also uniformly low. |

In the Black River-Clearwater Lake system, all the
sulfide-originating metals were higher in sediments within and below the
lake than above (Table 12). Our results generally agreed with the
earlier results of Gale et al. (1976), who reported sediment
concentrations near Clearwater Dam of up to 60 vg/g Pb, 84 ug/g Zn, 30
ug/g Cu, and 0.5 ug/g Cd. Organic carbon concentrations in the
Clearwater Lake system were witﬁin the range reported for the Big River
system--0.32-3.41 mg/g above the lake, 5.2-6.0 mg/g within the lake, and
2.6-5,3 mg/g below the lake. Although sediment concentrations of total
Cd and total Zn were closely correlated with organic carbon, total Pb
was not; total Pb was higher below than within Clearwater Lake even
though organic carbon concentrations were higher within the lake.
Although it is tempting to suggest that the apparent correlations
between organic carbon and total Zn and total Cd indicate a biological
mechanism of enrichment for these metals, the results of the sequential
extractions point towards other pathways. For these metals, the
seasonal cycle of Fe and Mn oxidation and reduction appear responsible
for most of the differences between sites. Below the lake, Pb and Mn
concentrations were both highest in silt fraction; Zn, Cd, and Fe

concentrations were highest in the clay fraction. These slight



Table 12. ”Concéntrations of Pb, Cd, and-Zn in sediments from C1earwatef,'
-Lake and from the Black River downstream of Clearwater Lake

relative to upstream concentration.

site PE Cd In
Upstream Clearwater Lake 1.0 %,E R 1.00 1.00
C]earwater‘Laké' 6;59?*;; : 6.89 - 5,95
Downstream Clearwater Lake 1 6.97 o 4.16 - 3.02
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differences suggest concomitant differences in the mechanisms involved,
even among the three metals.

Some of the observed "enhancement" of Pb, Cd, and Zn in sediments
within and below Clearwater Lake may result from the dissolution of more
soluble sediment constituents during summer stratification. Dissolution
of Fe and Mn hydrous oxides and of carbonates, and their subsequent
transport downstream, would increase the relative concentration of the
remaining, less-soluble sediment constituents, such as the residual
metals. Likewise, scouring of fine-grained sediments by density
currents and their subsequent downstream transport, which happens
periodically at Clearwater Lake (Wixson and Bolter 1972), would also
affect the relative concentrations of the metals because of the
differences in concentrations among the size fractions. Within the
lake, the clay-sized particles had the lowest Pb, Zn and Cd
concentrat{ons (Table 9a-c); loss of these low-concentration,
fine-grained sediments would tend to increase the total metals
concentrations in the remaining sediments. Likewise, the sediments in
the Black River system above Clearwater Lake are substantially coarser
than the sediments within and below the lake (Table 9f). Therefore,
some of the observed differences in metals concentrations are probably
an artifact of this textural inconsistency.

Divers collecting sediments in Clearwater Lake reported the
presence of hydrogen sulfide (HpS) upon disturbing the sediments. It is
therefore likely that some reprecipitation of metal sulfides occurs
within the anoxic lake sediments, as suggested by Rickard and Nriagu

(1978).



j'ngper_in sediments. Cu was:the'ohiy metal other than Pb included
in*thejsediment study that originated;in tailings and was actually
higher in the tailings sample thahfin*theasediment sample from Desloge
(Figs 13). As Fig. 13 illustrates, tettl Cu declined from a highiof 127

ug/g:fhithe tai1ings sample to 70;ﬁ9/g‘at Desloge, 57 ng/g at Washington

. State Park ‘and 55 ug/g at Brown s* Fordoj ‘Concentrations were lower at

the Big River sites not affected by ta111ngs and in the Black River
watershed (Fig° 13). Although the*actual Cu concentrattons differed,
when the results from the trad1t1ona1 analyses for total Cu (Appendix B)
were “examined rather than the suh“ofvthe sequential fractions (Fig. 13),
the.treh&s were the same. In partigeiﬁt; Cu showed the same pattern of
enhanceheht in sediments of CleaFﬁater,tgke and in the Black River:
dOwnstream'of the lake as that destt{bed'for Zn and Cd, with most of the
1ncrease occurr1ng among clay- sized partfcles (Table 9d).

A]though the results of the sequent1a1 extraction procedure are
somewhat*questwonab]e for Cu, the high,percentage of Cu in the residual
and organ1c fractions and low carbonate and oxide-bound percentages
d1fferent1ate this metal from a11 others studied (Fig. 13). In

particu}ar! a higher percentage of Cuewas organically=bound at all

' sitest;fThis means either that the peroxide oxidation step in the

sequent1a1 procedure attacked reSidue];Cu to a greater extent thah'the
resieuevaraction of other meta1;:fetéthat more Cu was in fact bound to
orga'nicmatter‘° Cu 1s more readily che1eted than the other metals
studiee (Vuceta and Morgan 1978),_ so 1t ‘would not be surprising to find
that proportionally more Cu was t1ed up 1n biological systems or
assocjgted with organic coat1ngSﬁon1§egjment particles (e.g., Forsther
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1981). Total Cu concentrations were highest in the silt fraction at
Brown's Ford and at Irondale, in the sand fraction in Clearwater Lake,

and in the clay fraction at the other sites (Table 9d).

Barium in sediments. Total Ba concentrations were highest in the

sediments at Mineral Fork (2885 ug/g), Brown's Ford (1397 ug/g), and
Washington State Park (1159 ug/g) (Fig. 14). Lowest concentrations
occurred in the tailings sample (50 ug/g) and in the Black River above
Clearwater Lake (91 mg/g). Concentrations within and below the lake
were higher--344 ug/g in lake sediments and 675 wg/g downstream (Fig.
14).

Naturally-occurring barite (BaSO4). is only slightly more solup]e
than CdS--2.22 mg/L (1.8 @g/L Ba) (Weast and Astle 1978). However, it
is more soluble 'in acid, which suggests that it could be solubilized
under reducing conditions. Results from the sequential extraction
procedure, although they must be interpreted cautiously, show that
residual Ba was the predominant form except within and below Clearwater
Lake (Fig. 14). Ba concentrations in water, however, were about the
same above, below, and within the lake during all three collection
periods, ranging from 0.02 to 0.07 mg/L (Table 9¢c), indicating that any
Ba solubilized from the sediments is rapidly re-precipitated, possibly
as the insoluble BaCO3, or sorbed onto particulate material.

The sequential extraction procedure suggested little change in the
distribution of Ba in the lower Big River (Fig. 14). Total Ba
concentrations appear to show quite clearly the effects of sediment

distribution, in this case from the opposite direction: Pb=-rich mine



tailings from the Desloge area, low in Qa;content, appear to dilute. the

Ba-rich sediments originating in thefdownstream areas of the watershed.

Metals‘ln the Aquatic Biota

Bloava1lab1lity of heavy metals 1n the aquatic environment can be
1nfluenced by numerous variables- 1nclud1ng type of metal, length_of

exposure, oxidation state, pH, hardness,~presence of organic compounds,

and other chemical and physical characteristics of the aquatic s_ystema
Concentrations of metals in organ1sms are determined by a variety of
factors 1nclud1ng food habits, morphology, and physiological differences
among orgamsms° Both biotic and abtotvc factors must be cons1dered in

evaluating heavy metal accumulat1on in the biota.

Supvey of Residue Levels in Kquatic flora and Fauna

Metals in plants. Aquatic plants supply an intermediate reservoir

through:which trace metals fromﬁabiotic”sources can enter and be
retained*withln biological systems;} lnéy-can influence the avallaullity
of metals by accumulation and by sorption from the water, and by |
secreting substances that can complex“ar chelate metals. For e;ample,
Morris (1971) observed dramatic decreases in dissolved Mn when the
marinertlagellate Phaeocystis bloomedxiand Leland and McNurney (1974)'
found elevated Pb concentrations 1n algae collected near urban areas°
The ability of algae to concentrate metals from the water has led to its
use 1n removal of metals from m1n1ng and smelting effluents (Hassett et
al. 1980) However, these authors also showed that algal species
differed in their ability to accumulate metals, suggesting that

dlfferences were related to vary1ng cell densities among species and to
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age of a given culture. Therefore, a degree of caution must be observed
when comparing metals concentrations in algae reported in the
literature.

Highest residues of Pb, Cd, Cu, and Zn were found in algae from the
Big River locations affected by mine tailings (Desloge, Washington State
Park and Brown's Ford). Levels of Pb at Desloge (1210 ug/g) were twice
as high as levels at Washington State Park (623 ng/g) and Brown's Ford
(660 ug/g) (Table 13). Lowest concentrations of tﬁese four metals in
the Big River Basin occurred at Irondale and Mineral Fork. Levels in
the Black River Basin were also low, and there was no enhancement below
Clearwater Dam. Concentrations of Pb, Cd, Cu, and Zn in water willow
followed trends similar to algae with highest levels at Desloge,
Washington State Park, and Brown's Ford and lowest levels at Irondale,
Mineral Fork, and in the Black River Basin. Accumulations of these ﬂour
metals were generally highest in the roots (Table 13).

Concentrations of Pb in roots, stems, and leaves of water willow
were highly intercorrelated (p<0.0l) as were residues in macrophyte
tissues and algae. Correlations for Cd levels among roots, stems, and
leaves were also highly significant (Table 14), but there was no
apparent relationship between water willow and algae for this metal.

The observed interrelationshibs between metal concentrations in these
plants may be explained in terms of possible mechanisms for the
concentration of Pb and Cd.

In algae, Pb and Cd are concentrated primarily on surface
adsorptive sites. Therefore, the degree to which different algal
species concentrate metals depends on the number of surficial cells

available for adsorption (Hassett et al. 1980). In higher plants, Pb
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Table 13. Metals concentratons (ug/g, dry weight) in plants from the Big and Black Rivers.
means of three samples; water willow, one sample each of roots, stems, and leaves from
each location; and Ceratophyllum, one sample.

Algae,

LOCATION !
~ Species & ! S ‘ ; I ‘ : .
tissue ! -~ Pb cd - Cu, . In Ag . - Fe Mn . Ba
MINERAL FORK : P |
Attached Algae 19.7 0.99 8.07  186.7 0.20 6100.0  1933.0 84.3
Water Willow
roots 24.0 0.20 2.80 52,20  0.10 4300.0 440.0  400.0
stems 30.0 0.10 2,80  21.10 0.10 250.0 68.0  220.0
leaves 13.0 0.10 3.90 35.00  0.10 650.0 79.0  160.0
BROKN'S FORD
* “Attached Algae % 660.0 2.60. 14.33 © 396.67 0.13 - 5133.0  2066.7  182.0
' A i EI ' { | | B S
Mater Willow S T T E U SO A S
" roots = - Lo 690.0 2,70 ' 20,00/ 280.0 . 0.10' °14000.0' 2300.0  '390.0. |
~ stems ¢ 220.0 0.90 « ‘8,700 110.0 © .0.10/  1200.0' 1100.0 -
leaves 180.0 0.78  8.40 110.0 - 0.10°  1600.0 720.0 ' 140.0
WASHINGTON STATE PARK
Attached Algae 623.3 3.27  16.67  310.0 0.16 5333.3  1666.7  122.0
Hater Willow
roots 460.0 6.10  27.00  390.0 0.20  11000.0  2100.0  550.0
stems 290.0 2.00 14,00  80.0 0.10 1800.0  1100.0  220.0
leaves 320.0 1.90 15.00  180.0 0.10 2500,0  1100.0  200.0
" DESLOGE | o
Attached Algae 1210.0 2.40 18,56  758.33  0.10 . 8200.0  2133.3 65.3
Hater Willow
FOOtS 1400.0 21.00  18.00 - 600,00 0.40  8800.0  2100.0 82.0
stems 310.0 6,40 12.00  600.00 0.10 1700.0 770.0 52.0
Teaves 250.0 4.90 . 11.00  590.00 0.10 2800,0 580.0 52.0

- 210.0



Table 13 (cont'd)

IRONDALE
Attached Algae

Water Willow
roots
stems
leaves

UPSTREAM CLEARWATER LAKE
Attached Algae
Water Willow
roots
stems
leaves
DOWNSTREAM CLEARWATER LAKE
Attached Algae
Water Willow
roots
stems
leaves

Ceratophyllum sp.

Pb

Cu

Cd In
0.73 11.45 46.50
0.30 7.60 26.00
0.10 3.70 14.00
0.10 6.90 24.00
1.40 8.47 34.33
0.30 24.00 33.00
0.20 21.00 29.00
0.20 19.00 36.00
0.42 10.27 40.67
0.47 8.60 28.00
0.20 4.50 18.00
0.20 7.80 32.00
0.88 8.60 52.00

Ag Fe Mn . Ba
0.10 8672.5 2635.0 187.5
0.10 2200.0 740.0 90.0
0.10 320.0 200.0 58.0
0.10 540.0 210.0 44.0
0.10 6200.0 290.0 620.0
.10 3500.0 200.0 140.0
0.10 2000.0 110.0 280.0
0.10 1500.0 120.0 270.0
0.10 7833.3 14033.3 396.7
0.10 6500.0 5600.0 200.0
0.10 2600.0 2200.0 130.0
0.10 3800.0 1500.0 64.0
0.10 5500.0 1200.0 290.0

L6
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Table 14. Product-moment correlation coefficients among metal concentrations
in algae and roots, stems, and 1eaves of water willow.

| T | '
Cd Roots Stems Leaves Algae Cu ~-" | Roots Stems Leaves Algae

ROOtS |- ee. - .BB®%  T7%  ,99%% —Roots | --  ,99%F ,9Qwx  g3ww

Stems | L99%* .. ,98%% .95%  Stems .| .87% o .99%% 92w

Leaves | ,99%* ,99%* .- .87* -Leaves | .87% .97 oo 293%*

Algae | .53 .56 .89  --  Algae | .52 .20 .18 -
Fe [ © .Ba

Mn Roots Stems Leaves Algae - | Roots Stems Leaves Algae

Roots - .28 .40 -.55  Roots o .58 .45 =35

StEITIS °98~:ﬁ'* - °89** ~=902 T Stgﬂis oo oo 994** ~o43
Leaves | ,93%% ,97#% .. .14 TrLeaves,’ - - -e .46
Algae | .90% .g2¢ .74 - Algae | -- - - -

*0,05 2> 0.01 |
0,01 > p - R
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tends to be more concentrated in the roots than in the stems and leaves
(Wallace and Romney 1977) where the roots are in direct contact with
metal jons in the soil. In an aquatic system, emergent macrophytes such
as water willow are completely submerged during high water events, thus
exposing the plant's surface to metals in the water. Therefore,
significant correlations for Pb concentrations in plants (Table 14) may
indicate interrelationships between dissolved Pb and surficial
adsorptive sites in both algae and water willow. When the plants were
collected, the dissolved Pb concentration in the Big River at Desloge
(0.02 mg/L) was at least twice as high as the concentrations at
Washington State Park (0.009 mg/L) and at Brown's Ford (0.005 mg/L).
This downstream decrease in dissolved Pb levels was reflected in an
equivalent reduction in Pb concentrations (Table 13) in both algae and
water willow roots. Pb concentrations in stems and leaves were also
lower downstream from Washington State Park, but not as an apparent
function of dissolved Pb. However, neither the duration nor the
frequency of stem and leaf exposure to dissolved Pb during high water
events has been evaluated. _

Although Cd is concentrated on cell surfaces in algae, it is not
readily adsorbed onto the surfaces of rooted plants. Cd has been shown
to accumulate to a much greater degree than Pb through the roots and
become incorporated into plant tissues (Reddy and Patrick 1977, Gambrell
et al. 1980). Lack of a significant correlation between Cd
concentrations in water willow and algae therefore suggests no
relationship between the Cd adsorbed on the algal surfaces and that
incorporated into the water willow tissue. Cd accumulation by water

willow probably occurs by ubtake through the roots from the sediment
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rather than from the water. H1gh1y s1gn1f1cant correlations (r>.99)

between'Gdrin water willow roots, stems,;and leaves suggests a mechanism

of direct Cd accumulation by the plant and distribution throughout the

11v1ng organism, 7;5_; -

- Cu,. 11ke Cd, accumulates in the roots of plants and is transported
thequgh»the vascular tissue 1ntqﬁ§pe stems and leaves. The correlation
matrix fo}'Cu (Table 14) indicates siéhifjcant (p<0.01) positive |
re]afiopships among roots, stems;ﬁEEF‘ieaves, but no significanti
co;relatten between rooted planﬁ"tisseeﬁ_and algae., Levels of Cu iht
algae decreased from Desloge to Waehihgton State Park to Brown's Ford.
Although highest concentrationsthftheeaig River Basin in both algae and
watee Q%l?ow occurred at these tﬁcee:§1tes, the small differences
bethéh*cencentrations in plants frOm“ﬁeese locations and the even‘lower '
concentrat!ons at Irondale and M1nera1 Fork are probably not
biologically significant. Algae and water willow collected below
Clearwater Lake and algae col]ected from the Black River upstream of
Clearwater Lake had concentrat1ons s1m11ar to plants at Irondale. water
w1llow col1ected at the upstream site had a higher mean Cu concentration
than any samples from the Big R{ver°

" -Although highest concentratfons»og Zn in algae and water willow
alse occurred at the three contamieated'Big River sites, Zn behaved
different]y from Pb, Cd, or Cu within the ‘water willow tissue. anwas
un1form1y distributed throughout?the p]ant tissues; Pb, Cd, and Cu were
more highly concentrated in the roots'(Table 13). As a resu]t, all
poss{bie're1ationsh1ps among rooteeeﬁfems and leaves were highly

significant (p<¢.01) for Zn, = "=
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Concentrations of Ag, Fe, Mn, and Ba in the plants were not related
to the presence of mine tailings in the Big River., Ag was detectable in
the roots of water willow at Desloge and Washington State Park and in
the algae at Washington State Park, Mineral Fork, and Brown's Ford.
Highest concentrations of Fe, Mn, and B8a in algae occurred at Irondale.
In water willow, highest mean concentrations of Fe occurred at Brown's
Ford with highest concentrations of Mn and Ba at Washington State Park.

Comparison of the Black River locations upstream and downstream of
Clearwater Lake revealed that Fe was slightly higher and Ba was slightly
lower in plants below Clearwater Dam. Levels of Mn upstream of
Clearwater Lake were lower than concentrations at any Big River
locations. However, the Mn concentrations in algae below the reservoir
increased by a factor of 48.4 and concentrations in water willow
increased by a factor of 21.7. The availability of Mn below Clearwater
Lake is strongly influenced by the presence of the reservoir. A more
detailed discussion of mechanisms responsible for elevated
concentrations of Mn below the lake was presented in the water section.
The importance of these mechanisms in altering the availability of Mn to
the biological system is unquestionable.

In general, metals in the Big River and Black River watersheds
tended to accumulate on surface adsorptive sites of algae. For water
willow, Pb was probably bound to surfaces, with highest concentrations
in the roots; Cd, Cu, and Fe éoncentrated in the roots but a substantial
portion was passed into stem and Teaf tissue; and Zn was more or less
uniformly distributed throughout the plant. The heavy metal tolerance

exhibited by these plants may involve specialized internal distributions
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so that potentially toxic metalsane:deoosited on the cell wall and not
retained wfthin the intercellu]arlspaces of the tissue. Regardless of
the ultimate location of the metaILthnin'the plant, metals bound. by
plants will be further incorporateoiinto the aquatic system. Higher
e1ther as detr1tus or as leaf and stem material, regardless of whether
the metals are sorbed or 1ncorpoated°:,P1ants can also have a tremendous
1nd{rect impact on the ava11abi]ity of metals to other ecosystem :
components through modification of pH,ereIease of organic agents, and
extraction of metals from h1gh1y.stap}e chelates.

-~ Metals in crayfish. Crayfish feed on aquatic macrophytes and

detttthsfand can accumulate sedinent=b0und toxicants. Knowlton (1981)
sho@ed:that a high percentage of’totaj body Pb in crayfish is loosely
bounq'to the exoskeleton and suggested~that the mechanisms for
concentration of Pb involved direct accomulation from contaminated

sediments.

““~In the survey, Orconectes luteus was collected at every Big River
site. Levels of Pb and Cd were elevated at all locations affected by

mine ta1lings, with highest concentrations at Desloge (140 ug/g) (Table

15) Lower levels of Pb at Irondale (1 4 yg/g) and Mineral Fork (2,7

eug/g) were comparable to 1eve]s 1n uncontaminated laboratory-raised

crayfish of the same genus from Knowlton s (1981) study. 0. gunctimanus
was only found at one Big R1ver s1te; Brown s Ford, where residues in '
this Species and 0. lg;ggi.were simi]ar (Table 15). Concentrations of
Pb 1n crayfish increased with- sediment Pb concentrations (Fig. 15)o

Because the substrate is the pr1mary hab1tat of crayfish, this




Table 15. Metals concentrations (ug/g, dry weight) in crayfish from the Big and Black Rivers. Single
composite samples of 10-15 specimens each.

LOCATION

Species Pb Cd Cu In Ag Fe Mn Ba
MINERAL FORK

Orconectes luteus 2.7 0.04 61.0 93.0 0.60 190.0 200.0 700.0
BROWN'S FORD
.‘ Orconectes luteus 110.0 1.3 140.0 120.0 0.70 430.0 480.0 560.0

Orconectes punctimanus 84.0 1.6 190.0 120.0 0.58 580.0 260.0 590.0
WASHINGTON STATE PARK !

Orconectes luteus 130.0 1.2 150.0 130.0 0.64 460.0 520.0 400.0
DESLOGE '

Orconectes luteus 140.0 1.5 96.0 200.0 0.78 1700.0 420.0 180.0
IRONDALE

Orconectes luteus 1.4 0.42 95.0 87.0 0.73 290.0 380.0 440.0
UPSTREAM CLEARWATER LAKE

Orconectes punctimanus 1.2 0.39 94.0 95.0 0.70 200.0 110.0 230.0
DOWNSTREAM CLEARWATER LAKE

Orconectes punctimanus 17.0 0.58 130.0 95.0 0.76 330.0 520.0 285.0

€01
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relationship may be a response to direct contact with the substrate as
well as to ingestion of contaminated particles of sand, detritus,
plants, and other organic material. Zn and Fe concentrations in
crayfish were also highest at the three locations affected by mine
tailings. Cu and Mn concentrations were highest at Washington State
Park and at Brown's Ford (Table 15). Concentrations of Cu and Mn at
Desloge were similar to concentrations at Irondale. Levels of Ag ranged
from .58 ug/g at Brown's Ford to .78 ug/g at Desloge with no differences
between control sites and contaminated sites. Ba was highest at
Washington State Park, Brown's Ford and Mineral Fork, where active
barite mining now occurs. At Brown's Ford, 0. punctimanus had slightly
lower levels of Pb and Mn and higher concentrations of Cd, Cu, Fe, and
Ba than 0. luteus. Zn concentrations were the same for both species.

In the Black River drainage, levels of Pb in crayfish (Q,
punctimanus) collected upstream of Clearwater Lake were similar to
concentrations at Irondale. Crayfish downstream of the lake had Pb
levels 14 times higher than those collected upstream. Levels of Cd, Cu,
Fe, Mn, and Ba also increased below the reservoir. No change occurred
in Zn concentration. The observed enhancement of Pb in crayfish
collected below the reservoir may result from the increased Pb levels in
sediments downstream. The calculated enhancement factor of 14 must be
evaluated with caution because both upstream and downstream
concentrations represent single composite samples of 10 to 15 crayfish.
However, it is realistic to assume that some enhancement did occur given
the habitat and food habits of the crayfish and the increased levels of

Pb in the downstream sediments.



Metals in freshwater mussels. - The sediment also provides habitat

forjfreShwater mussels. These ofgéniSms actively filter smalladiameter
particuiate material from the water &hafhave been shown to accumulate
heaQy metals in both soft tissue’aﬁd'§nell. Because they are primarily
sessi1e'§rganisms, they can indi@ate pqq@aminant avai1abi1ityﬂwith1n é_
relé;lgély limited area, and becau;gzéf their longevity, indicate
average-conditions over an exteh@éd pef:iod° Within a species, smaller
musse1s;ténd to accumulate metals at'hjgher rates than larger mussels
(dean 1974) and concentrations infthe soft parts are often higher than
cohcentgt{ons in the shell (Graham;iéfi); |

| .Pocketbook mussels were collected at all Big River locations except
Désloge;,whére-an intensive search:yiélaéd none. Mussels were collected
apbroximatef} 6 mi upstream of Desloge at:Leadwood, a site that is also
;ontadiﬁaged by Pb mine'tai]ihgs7(?r6;¥§fbsion of the Leadwood ta{lings
pilé)o__Musse]s-col1etted at LeadWood; Wa§h1ngton State Park, and
Brown'é ;ord were of similar sfzé.andfhad elevated levels of Pb, Cd, Cu,
and Zn relative to uncontam1nated‘$ites (Table 16). Brown's Ford
mussg]s:héd the highest mean Pb conce&frafions, with levels ranginé ffom
310 to 490 4ig/g in the soft tissue and from 18 to 19 ug/g in the shell,
Pb levels at Washington State Park were lower, ranging from 200 to 310
ug/g in the soft tissue and from-8 t6‘22 ug/g in the shell. Mussels
cofiéctedrat Leadwood had soft f{g?de eénéentrations of 99 to 250 ug/g
‘and shell concentrations of 4,2 torié pg/g. Lowest Pb concentrations
ocﬁurréd'at Irondale and Minerai:%orkf(Table 16). A1l mussels collected
at theéeitwo sites were sma11er thaﬁtthose collected at other Big River
1ocafions, but because tissue Pbiépncéntrat1ons were 46 to 179 times

lower than'at contaminated sites;’effe;té of size were not apparent.
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Table 16. Mean concentrations of metals (ug/g, dry weight) in the soft
tissue and in the shells of freshwater mussels from Big River
and Black River locations.

Tissue
Location Pb Cd Cu In Fe Mn Ba
SHELL
MINERAL FORK 1.20 0.16 2.70 8.00 49,5 115.0 480.0
BROWN'S FORD 18.5 0.70 2.50 35.50 88.5 385.0 335.0
WASHINGTON
STATE PARK 15.0 0.30 4.20 17.00 89.33 206.7 176.7
IRONDALE 0.76 0.11 2.93 4,67 75.66 403.3 163.3
UPSTREAM

CLEARWATER LAKE 0.36 0.12 1.35 5.50 125.0 195.0 84.5

DOWNSTREAM : :
CLEARWATER LAKE 0.75 0.09 1.77 4,67 97.0 1066.7 350.0

LEADWOOD 11.6 0.51 4.10 61.40 140.0 250.0 130.0

SOFT TISSUE

MINERAL FORK 3.75 2.50 8.90 410.0  2050.0 4600.0 175.0
BROWN'S FORD 386.67 32.67 61.33 5966.7 1653.3 11366.7 193.3
WASHINGTON

STATE PARK 245.00 19.67 54.83 1676.7 510.0 4066.0 320.0
IRONDALE 2.16 0.47 6.64 218.0 968.0 3520.0 448.0
UPSTREAM

CLEARWATER LAKE 1.04 1.02 7.33 326.7 1200.0 8233.0 183.3

DOWNSTREAM
CLEARWATER LAKE 4.35 0.61 5,05 1100.0 3150.0 10950.0 1025.0

LEADWOOD 174.50 35.50 28,50 5200.0 865.0 6950.0 460.0
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Pb_1eve1s in mussels from Bnown‘s Ford and Washington State Park
dfd'nOtiappear directly related té total sediment Pb concentrations. At
Brown's Ford, where sediment Pb concentrations were lower, mussel Pb

concéhtfations were highest. Littié'difference was observed in the

distr1butxon of different chem1ca1 forms in the active surficial
sed1ment between Brown's Ford and washington State Park; however, the
particle size distribution of the- bottom sediments differed. The mean
concehfhation of silt size mater1a1 fﬁ“bottom sediments at Brown's Ford

was approximately 19 times higher than.at Washington State Park (Table

9f ), and the multiple regression»coeffﬁcients presented in Table 9a

1nd1cate that most of the sediment Pb. 1s assoc1ated with the silt
fractlon, Availability of this sméller part1Cu1ate material would
greétT}’inf]uence the accumulathn.of'metals in freshwater mussels.
$11t concentrations did not vary as drdﬁétical]y in watef samples. The

concentration of silt in unfilteféd’Wéter'samples collected at low and

medium_flow from Brown's Ford waS'only!g]ight]y higher than at
waﬁgington State Park, and at hfdg-fféw the siit concentratioﬁ ét
Washington State Park exceeded the'concentration at Brown's Ford.
Est1mat10n of the actual Pb 1evels 1n the microhabitat of a freshwater
musse] would require understanding the effects of tailings 1nput from
barite m1n1ng operations, the dilution of Pbecontaminated silt particles
by relatively less contaminated,pabtﬁcles from Big River tributaries
such aéjﬁineral Fork, and the posgfﬁlé mobilization and incorporation of
Pb:fnto_the biological system. JfotaT-gédiment metal concentrations

alone céﬁhot accurately reflect the availability of metals to-all
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organisms in a river such as the Big River where physical, chemical, and
biological changes occur between upstream and downstream liocations.
Computation of total metal transport in the river, especially bedload
transport, might provide the best indication of metal availability in
the mussel's microenvironment.

Concentrations of Cd, Cu, and Zn in mussels followed the same
pattern as Pb concentrations; highest levels in mussels did not occur in
locations with highest total sediment concentrations. As was true for
Pb, highest Cu, Cd, and Zn levels occurred in mussels from Brown's Ford
and lowest concentrations were at Irondale and Mineral Fork. Ba was
highest at Irondale and was therefore not related to barite mining. Mn
concentrations were likewise not related to levels in water or in
sediment; Mn concentrations in mussels were high at every location.

In the Black River Basin, mean soft tissue and shell Pb
concentrations were higher in mussels collected below Clearwater Lake
than above (Table 16). Tissue concentrations ranged from 0.37 to 1.6
#wg/g upstream and from 3.8 to 4.9 ug/g downstream of the reservoir. 1In
concentrations in the soft tissue were 3 times higher at the downstream
16cation. Cd and Cu concentrations were slightly lower below the dam.
Differences in Fe concentrations were more apparent, with values
upstream of the lake ranging from 3100 to 3200 ug/g and downstream
values of 1000 to 1500 ug/g. Mean Mn concentrations above and below the
reservoir were not significantly different (p>0.05); however, Ba
concentrations were approximately 6 times higher at the downstream

location.
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Metals in fish. Highest Pb,}gd;‘Zn, Mn, and Ba concentrations in

edible fish tissue occurred in flathead catfish (Pylodictis olivaris)

from Washington State Park (Table,l])y' This specimen's Pb concentration
(12.0 ué/é) was over 12 times hfgher~tnan_any other fish sample
col]ecsed. This 25 yr-0l1d fish was‘aiso“considerably older and larger
than any other catfish collected. ':Becaase this was the only catfish
from wash1ngton State Park, size. and age relationships with
concentration could not be eva]uaged;' Mean Pb concentrations in edvb]e
portians of catfish at other Big~RiveQ7]ocations ranged from lows of
0.06 nng at Irondale to a high,of”QfZQ ng/g at Brown's Ford.
: Contentrations in catfish fron'Des4e;;fand Mineral Fork were identical
(0.13 ug/g). _':e_""
with the exception of the one - 1arge catfish at Washington State

Pank PE concentrations in fishrfrom _the Big River were highest in’
redhorse suckers at all locations affected by mine tailings (Table i7)
Concentrations decreased from Des]oge to Washington State Park but were
higner downstream at Brown's Forqoz A11 redhorse suckers at Brown's
Ford:fﬁashington State Park and'ﬁesiogé exceeded the World Heal;hi
Organization standard (0.3 ug/g) for allowable Pb levels in tissue for
human consumption. Significantly Jonen‘1evels occurred in redhorse
SUCKEPS from Irondale and Mineral Fork° Concentrations in suckers from
this- study agreed closely with levels reported for suckers co]1ected at
Irongalegrnesloge and washington §§ate7Park by the Missouri Department
of“cdnsenﬁation (Czarneski 1980). - |

-:ﬁTevated Pb levels were presenﬁ‘in smallmouth bass collected at

Washington State Park, Brown's Ford and Mineral Fork (Table 17).-

Concentrations in bass from Des]ogé%ﬁere not higher than levels in bass




Table 17. Metals concentrations (ug/g, wet weight) in edible portions of fish from the Big and Black
Means of two samples (individual fish) unless otherwise indicated.

Rivers,

Location
Species Pb Cd Cu in Fe Mn Ba
Mineral Fork
Smallmouth bass 0.19 0.01 0.42 13.97 12.15 0.63 1.75
Yellow bullhead 0.13 0.02 0.51 5.67 6.27 0.38 1.61
Redhorse sucker 0.08 0.01 0.22 13.42 3.00 0.64 1.81
Brown's Ford
Smallmouth bass 0.21 0.01 0.32 4.50 4.87 0.29 0.62
Flathead catfish 0.29 0.02 0.66 12.24 8.44 0.26 0.18
Redhorse sucker 0.63 0.01 0.22 11.67 2.65 0.97 1.03
Washington State
Park
Smallmouth bass 0.27 0.01 0.26 9.49 5.14 0.46 0.68
Flathead catfish? 12.00 0.34 0.69 23.00 10.00 4.90 3.20
Redhorse suckgr 0.43 0.01 0.22 9.38 2.75 0.73 0.60
Mixed suckers 0.38 - - - - - -
Desloge
Smallmouth bass 0.05 0.01 0.32 11.73 3.90 0.13 0.04
Channel catfish 0.13 0.03 0.43 5.12 2.52 0.18 0.03
Redhorse suckgr 0.57 0.03 0.28 16.15 2.81 0.36 0.16
Mixed suckers 0.79 - - - - - -
Irondale
Smallmouth bass 0.01 <0.01 0.27 13.28 3.90 0.23 0.15
Flathead catfish 0.06 0.06 0.44 6.75 8.26 0.57 0.13
Redhorse sucksr 0.02 0.01 0.33 9.32 3.16 0.52 0.50
Mixed suckers 0.07 - - - - - -
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Table 17 (cont‘'d)
Lo S e cdl e . Fe .. W0 . . Ba
. ) ‘ ‘ ‘ o i e .‘“ . C : o co . .

‘Black River, = S R T S

upstream ‘ : “ _ ! f R . Co ; ’ :
Smalimouth bass - 0,08 0.01 0.32 7.46 4.36 - 0.11 0.03
Channel catfish 0.05 6.01 0.46 7.04 3.90 0.24 0.04
Redhorse sucker 0.03 <0.01 0.26 7.50 3.77 1.17 0.21

Black River,

downstream
Spotted bass 0.04 0.01 0.24 7.75 1.15 0.11 0.0t
Channel catfish 0.04 0.01 0.21 5.73 2.30 0.26 0.01
Redhorse sucker 0,01 0.01 0.22 8.15 3.01 1.03 . 0.19

Leadwood S ‘ ” b P : ; :

; . hogsucker® ' . 0.44 - 0 e D s S T T S~
S ‘ o } p n o b ,:9 . oo Lo f‘;’ D ‘ .o H

legible portions were boneless samples of tissue and skin (without scales) for all speties excépt catfish,
Catfish tissue was analyzed without skin.

2¥ixed suckers include northern hogsuckers and redhorse suckers. Mean concentrations are calculated from
10 samples of edible portions prepared and analyzed by the Missouri Department of Conservation.

3On1y northern hogsuckers were available at this site.

4Concentration is based on 1 tissue sample.
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from Irondale. Generally, in locations affected by mine tailings, Pb
residues in suckers were higher than residues in catfish, which had
higher levels than smallmouth bass.

Lead levels in all species collected at Irondale were low (<0.07
ug/g) relative to other Big River sites, but levels in individual
species did not vary consistently with sediment concentrations. This
inconsistancy could be related to several factors. First, accumulation
of Pb by a species can vary with resource utilization differences among
the populations. For example, suckers are bottom-dwelling fish that may
ingest detritus and sediments along with benthic invertebrates, but are
also in frequent physical contact with the sediments. Whelan (MS, in
preparation) has detected from 2200 to 7700 ug/g Pb associated with
detritus from Big River locations affected by mine tailings as compared
to 21 to 22 ug/g at Irondale. Ingéstion of detritus, coupled with
surface adsorption of Pb onto the mucus and skin of the fish could
account for some of the high Pb levels in redhorse suckers. Higher
concentrations of Pb were found in suckers and in mussels at Brown's
Ford than at Washington State Park; sediment concentrations were higher
at Washington State Park. This implies that measurement of total
sediment Pb may not accurately reflect the availability of metals to
organisms directly associated with the sediment-water interface.

With the exception of the large flathead catfish from Washington
State Park, Pb concentrations in catfish increased from Desloge to
Brown's Ford. Pb concentrations were also higher in smallmouth bass,
which represent the highest trophic level collected in the survey, at
downstream locations. However, from the survey data it is impossible to

interpret the elevated concentrations of Pb in fish collected from the



Minera]f?nnk, Because only baés;in M{néral Fork had Pb concentrations
comp;raETe to the levels detected {nithé'downstream section of the Big
Rivgng;elévéted levels in fish fnom Minérél Fork may be related to fish
mobi1itj} the Mineral Fork co11ection-§ﬁte may have been too close to
the Big’River to be considered n éontrolasite for fish collection.
However, “the higher than expected: metals levels in Mineral Fork -
sediments cannot be discounted. e_h 

Cd concentrations were extremelynlnn or below détection thresholds
in all gdib1e portion fish samples;eggépt for the large f1athean_catfish
from wasnindton State Park. Concéntréf;sns of Cu, Zn, Fe, and Mn did
not vary “directly with 1ocat1on 1n the Big River. Ba was highest:at

Hash1ngton State Park, Brown's Ford and Mineral Fork, where act1ve

bar1tenmin1ng occurs.
‘In the Black River Basin, Pbé-Cd,aCu, In, Mn, and Ba concentrations
in fish:collected upstream and downstnéam of Clearwater Lake were

similar. -Levels of Fe were consistently lower below the reservoir 1n

all spec1ese )
Because edible portions maijnc}nde'meta1=contaminated sk1n and
mucus and may also be contaminated dunﬁng tissue preparation, an effort
was.nané'to process a clean sampléggf muscle from each fish. Pb
concentrations in these cleanaprocessed samples were consistently lower
than concentrations in edible portions of smallmouth bass and catfish
from M1nera1 Fork, Brown's Ford and Nash1ngton State Park, and in .
catfish from Desloge (Table 18). C1ean processing did not reduce Pb
1eve1s in those edible portions with 1ow Pb concentrations. Levels of

Pb in clean-processed redhorse suckers were higher from all locations

aﬁfected by mine tailings. Becausgﬁextreme care had been taken during




Table 18. Metals concentrations (ug/g, wet weight) in clean-processed fish tissues from the Big and

Black Rivers.

Means of two samples (individual fish) unless otherwise indicated.

Location
Species Pb cd Cu In Fe Mn Ba
Mineral Fork
Smallmouth bass 0.09 <0.01 0.20 4,33 6.71 0.34 0.82
Channel catfish 0.04 0.01 0.31 4.14 2.70 0.23 0.26
Redhorse sucker 0.09 <0.01 0.21 6.49 2.10 0.63 1.26
Longear sunfishl 0.02 <0.01 0.29 4,59 - - 0.11
Brown's Ford
Smallmouth bass 0.03 <0.01 0.13 3.30 1.50 0.12 0.01
Flathead catfish 0.06 0.01 0.17 4,32 0.92 0.28 0.04
Redhorse sucker 0.85 0.01 0.17 5.09 1.00 1.35 0.90
Longear sunfish 0.24 0.03 0.27 6.33 - - 0.10
Hashington State
Park
Smallmouth bass 0.06 <0.01 0.17 4.05 1.84 0.18 0.10
Redhorse sucker 0.24 0.01 0.18 4,01 2.83 0.42 0.23
Longear sunfish 0.20 0.02 0.25 5.63 - - 0.06
Desloge
Smallmouth bass 0.07 <0.01 0.15 5.80 1.40 0.11 0.01
Yellow bullhead 0.08 0.03 0.56 4,70 2.13 0.19 0.01
Redhorse sucker 0.52 0.01 0.16 10.46 0.69 0.38 0.13
Longear sunfish 0.44 0.02 0.17 6.51 - - 0.05
Irondale
Smallmouth bass 0.06 <0.01 0.22 4.06 1.89 0.13 0.02
Yellow bullhead 0.06 0.05 0.28 3.83 3.85 0.60 0.11
Redhorse sucker 0.02 <0.01 0.24 4.37 1.20 1.35 0.37
Longear sunfish 0.03 <0.01 0.27 5.24 - - 0.11

ST



Table 18 (cont'd)

o Pb Cd Cu ‘ in Fe Mn Ba
o . : ‘ ) ‘ : - o . .
- } . . : S B J '
- Black River, - o : A _
upstream . ; i ‘ E . ; : -
Smalimouth bass 0.01 <0.01 . +0.18 - 4.34 1.95° 0.08 1001
Channel catfish 0.05 0.01 0.40 6.05 3.72 0.22 0.02
Redhorse sucker 0.03 <0.01 0.17 5.55 2.02 1.80 0.24
Longear sunfish 0.05 <0.01 0.42 6.13 - - 0.14
Black River,
downstream
Spotted bass 0.02 0.01 0.21 5.70 1,42 0.12 0.06
Channel catfish 0.02 <0.01 0,13 4,18 1.65 0.38 0.02
Redhorse sunfish 0.01 <0.01 0.18 4,24 2,28 1.01 0.07
- Longear sunfish 0.02 <0.0l 0.31 5.40 - - 0.05
;‘ ' ' ;" : “ - y . . . g B ,.: T
T T Y o h Y o L T T I PG B P
Fo : ‘IMeangcohcengratnons in'longear sunfish ane@based‘on‘twssuemsamples'Bfn9:10.28¢frsh. b
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N ' P ' N ’ e | [ L A R RO . Lo
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sample preparation to exclude small bones from sucker tissue, the
presence of high Pb levels in both edible portions and clean-processed
samples suggests that suckers may accumulate a larger percentage of Pb
in muscle tissue than either bass or catfish. Only clean-processed
tissues were prepared for sunfish, but at Desloge Pb levels in these
sunfish exceeded concentrations in edible portions of smallmouth bass.
Pb concentrations in sunfish from Washington State Park and Brown's Ford
were comparable to smallmouth bass from these locations (Table 17).

Pb and Cd levels in whole fish were highest in all species from
locations affected by mine tailings (Table 19). Residues in these
species include not only the levels in the fish tissue but any metal
ingested by the fish immediately before collection. Residues in the
whole body reflect the concentrations of metals to which higher trophic
levels (piscivores) would be exposed, but does not indicate the

availability of -the metals to these predators.

Blood Enzyme Assay

The activity of the enzyme ALA-D is depressed by the presence of Pb
in the blood (Hodson 1976). In humans, ALA-D activity is so sensitive
that it is usgd to detect a harmful exposure to Pb before toxic symptoms
appear (Secchi et al. 1974). Hodson (1977) found that the minimum
concentration of Pb in the water that would cause enzyme inhibition in
rainbow trout was 10 ug/1 (ppb) and that the recovery of enzyme activity
upon exposure to clean water took approximately 2 months. Measurement
of ALA-D activity has, under laboratory conditions, provided a

short-term ‘indication of long-term, sublethal effects of Pb in fish.
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Table 19, Mean metals concentrations ﬁxg/glgék-weight) in whole fish from the
Big River and Black River, ‘

Site e ,
Species.. : Pb cd . Cu In Fe Mn Ba

Mineral Fork ..

Smallmouth bass 58 49 - 9 46

1.6 - 363
Channel catfish 6.4 34 1.8 62 70 18 13
Redhorse sucker 5.5 228 - - 2.3 64 160 110 . 30
Brown‘s,Eofd'f” - L Eres : )
Smallmouth -bass- 15,0 307 4.7 66 80 14 41
Flathead catfish 12.0 wh5 - . 4.0 64 112 49 38
Redhorse. sucker 30.0 092, . 3.2 88 183 63 40
WashingtohTState Park ,t§;i§irii ' |
Smallmouth bass 10.0 27 AT 70 700 12 27
Channel catfish 12.0 57~ 5.8. , 69 97 23 16
Redhorse sucker. 52.0 .56 . 2.5 80 258 66 37
Desloge —~ ' _- Gan }
smallmouth bass 10.0 65 2.1 74 74 9 11
Channel catfish 24,0 .99 12,0 142 80 29 . 16
Redhorse sucker 44,0 1.25 - 174 173 75 48 11
Irondale,i_— ;;
smallmouth bass 5.0 16 3.2 79 74 14 13
Flathead catfish 4.0 41 4.8 62 130 21 14
Redhorse sucker 1.0 06 1.9 70 348 104 20
Upstream, BIéck River .
smalimouth bass 1.3 10 8.3 63 150 11 25
Flathead catfish 2.2 19 7.2 62 88 18 15
Redhorse sucker o7 10 7 - 1.5 68 115 53 13
Downstream;igiack River i
Smallmouth bass 1.1 .07 3,0 76 89 14 16
Channel catfish 18,0 70" - 2.8 71 135 34 26
5 N 1.9 68 157 163 13

Redhorse sucker o
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An attempt to utilize this technique with longear sunfish under
field conditions was impaired by the small volume of blood that could be
collected from the specimens. Of the 107 fish collected from 7
locations, only 54 samples had the volume of blood required to perform
both the ALA-D assay and the blood-Pb analysis. Sample size ranged from
4 fish at Washington State Park and Mineral Fork to 9 at Brown's Ford,
10 at Desloge, 12 at Irondale, 9 above Clearwater Lake and 6 below the
lake. A log-log transformation of ALA-D and blood-Pb plotted in Fig. 16
shows the wide scatter of individual data points. Location means (Fig.
16) indicate an obvious difference in fish collected from the Black
River and the Big River, as well as a negative relationship between
blood-Pb and ALA-D among the Big River sites. However, there was a low
correlation between blood-Pb and muscle-Pb and between muscle-Pb and
ALA-D. Because of unexplainable low levels of ALA-D in fish from the
Black River locations, these samples were deleted from consideration and
attention was focused on Big River locations. Analysis of variance of
sunfish from the Big River followed by Duncan's multiple range test
indicated that ALA-D activity and blood-Pb concentrations at Mineral
Fork and Irondale were significantly different from sunfish at Brown's
Ford and Desloge (gﬁ0.0S). Because of high sample variance and small
sample size, Washington State Park was not significantly different from
either control or contaminated sites. For sunfish in the Big River, the
multiple regression model that explainéd the highest percentage of
the variation (80%) in the ALA-D vs. blood-Pb relationship consisted of
15 variables, many of which were not biologically meaningful.

A second effort to test the ALA-D procedure under field conditions

was attempted with redhorse suckers, a species that facilitated
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from Brown's Ford (B), Washington State Park (W), Desloge (D), Irondale (I), Mineral Fork (M), upstream
of Clearwater Lake (K), and downstream of Clearwater Lake (C). Large letters = location means. N
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collection of large volumes of blood. Fish were collected at Irondale,
Leadwood, Washington State Park and Desloge. Tissue concentrations are
listed in Table 17 as "mixed suckers." A product-moment correlation
matrix indicated that blood-Pb concentrations were highly correlated
with both ALA-D activity (r=-0.93) and ALA-D activity expressed per mg
of DNA (r=-.97). Correlations with muscle tissue Pb concentrations
were again poor (r=.26). Within location sample variance for suckers
was lower than for sunfish and a decrease in ALA-D activity with an
increase in blood-Pb levels was observed (Fig. 17). Mean ALA-D activity
and blood-Pb concentrations at Irondale were significantly different
from all locations affected by mine tailings. Among the contaminated
sites, the mean blood-Pb concentration was significantly higher at
Desloge than at Washington State Park anq Leadwood.

Using a stepwise regression analysis, the relationship Y = 1,134 -
1.832 logygxy + 0.057 logygxp + 0.625 10919x3 - 0.796 1ogygx4 where Y =
ALA-D; x; = wet weight blood-Pb (mg/L); xp = (wet weight blood-Pb)2;
x3 = wet weight Zn (mg/L); and x4 = hemoglobin (mg/mL) proved to be the

best model, accounting for 82% of the variability. The intercept and
all regression coefficients were highly significant (p<0.01).

A variable for blood-Zn concentration was included because of the

known enhancement of ALA-D activity by Zn. Pb inhibits ALA-D activity;
Zn, however, is a required metal for activation of the enzyme (Finellj
1977). Zn*2 and Pb*2 compete for the same binding sites in the blood
and, therefore, the activity of ALA-D depends not only on the blood-Pb
level but also on the concentration and availability of Zn. The
positive response for the Zn coefficient, with a negative quadratic

response for Pb, supports this hypothesis.
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The relationship between blood-Pb, blood-Zn and ALA-D activity
might be further improved by slight alteration in the time of field
collection. At the time of collection, suckers were reproductively
active and because of increased mobility, the samples may have included
fish from poorly defined areas of the river. Collection at a different
time of year could therefore better delineate the range of stream
sampled. And, if possible, only one species should be used. Although
an effort was made to collect blood from only black or golden redhorse
suckers, northern hogsuckers were used to supplement sample size at most
locations and were the only sucker species available at Leadwood.
Deletion of hogsuckers from the data set did not improve the
relationship. In fact, variation among the northern hogsuckers at
Leadwood (Fig. 17) was extremely low. Mean concentrations of Pb for 10
fish in the mixed sucker sample (Tablé 17) were similar to survey levels
for redhorse suckers, with high concentrations at Desloge and low
concentrations at Irondale. And, as the plot of ALA-D vs. blood-Pb
(Fig. 17) indicated, the points representing the Leadwood hogsuckers
("7") do not deviate markedly from the overall relationship.

The overall significance of the observed ALA-D response cannot be
overstated. Analysis of environmental samples for Pb residues,
especially fish samples, is notoriously difficult; contamfnation during
collection, storage, handling, and sample preparation are extremely
difficult to avoid (Patterson and Settle, 1976), and there is a high
degree of sample-to-sample variability caused by the inhomogeneous
distribution of Pb among the tissues of the fish (Phillips and Russo
1978). As such, the possibi[ity of contamination and Type-II

interpretive errors is always present when only residue data are
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avaiiéb1e for evaluation, The b]dbd'study results remove some of this

uncerta1nty from the survey of PESIdUES 1n fish. Blood samples were
drawn?ywth sterile, heparinized syqvnges.from the caudal artery of
individual. fish; placed immediatéTyﬁinpq%Sterile, heparinized vials;

sealed; ahd quick1y frozen until. analyzed. There was little opportun1ty

for contam1nation, and the c]early-defined dose-response relationsh1p

would. not have been observed had such contaminat1on occurred; the

var1abi11ty would have been far greater than <20% unexplained variance
in-the response for suckers, espec1a11y cons1der1ng that this rather

hast11y canducted field study 1nc1uded three species collected at the

worst possible time of year.

* -yptake of Metals by Caged Mussels

,i_}he question of metal bioavgjﬁébilfty was addressed further in the
musse] exposure-stud1es conducted dué{qg'OCtober 1980 and again in July
1981° Pocketbook mussels for bofﬁréfudies, all about the same‘siie,
were collected from the Bourbeuse R1;éf'§pd had relatively Tow metal
concéntrations compared to 1evgfst}h mussels from affected reaches of
théfBig River (Table 16). Meta]s'cohcéﬁtrations (ug/g) in the soft
t1ssdg§”of Bourbeuse River musse1§ Qgrg_Pb, <0.1 to 1.5; Cd, <0.20; In,
£900; Cu, <7.7; Fe <4400; Mn, 8800=22000; and Ba, 80-720. -

=lz§égween the 2-wk and 4-wk co]iézﬁion periods in the October 1980
eipq;urefstudy, water temperatur§ at'aii Big River sites dropped below
12°-C-ahdicont1nued to decrease to a Tow of 2° C by the end of .the
stuqyfr Feeding by mussels decfeéég; dramatically below 12 °C, thus
eliminating metal accumulation."‘Séébies'were collected through

December, but metal analyses reveaiéd“no increases in metal levels after
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the first 2-wk period. The highest Pb level detected was 11 ng/g at
Desloge. Mussels at Brown's Ford accumulated 3 ug/g. No accumulation
occurred at Irondale, at Clearwater Lake, or at either Black River
location.

The study was attempted again in August 1981; earlier initiation
was prevented by repeated high water events from May through July.
Results of this second study are presented in Fig. 18.

Transportation of mussels from the Bourbeuse River to new
locations apparently had no inhibitory effects on feeding activity.
After 2 weeks in the Big River, Pb concentrations in mussels at Desloge
had increased by a factor of 143, at Washington State Park by a factor
of 109, and at Brown's Ford by a factor of 77. Cd concentrations also
increased substantially at all Big River locations affected by mine
tailings, Concentrétions‘of both metals continued to increase for the
duration of the study (Figure 18). The highest mean Pb concentration
attained after an 8-wk exposure was 121 ug/g at Desloge. Final mean
concentrations at Washington State Park and Brown's Ford were 85 ug/g
and 44 ug/g, respectively. Cd reached a mean concentration of 22.2 #g/g
at Desloge, 14.1 ug/g at Washington State Park, and 5.0 ug/g at Brown's
Ford. For every 2-wk exposure period, concentrations of Pb and Cd at
Desloge were higher than levels at Washington State Park, which were
higher than concentrations at Brown's Ford. No increases in Pb or Cd
occurred at Irondale.

Although mussels at Brown's Ford and Washington State Park for
both the survey and exposure study were of similar size, no Pb or Cd
concentrations in the exposure study at either location were as high as

concentrations found in the’survey (no mussels were found at Desloge for
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comparison). Because levels from the survey represent an equilibrium
concentration for resident mussels of a given size, mussels from the
exposure study may have attained similar concentrations with longer
exposure. Although mussels held at Desloge had highest concentrations
after 8 weeks, results from the survey suggest that Pb concentrations in
soft tissues at Brown's Ford would, after prolonged exposure, exceed the
levels at Desloge, possibly indicating a greater degree of Pb
availability. Concentrations of other metals indicated no general
trends with time of exposure.

Unlike Pb and Cd, Cu is an essential component of respiratory
pigment in the circulatory system of mussels. Although some increase in
Cu occurred at Brown's Ford and Desloge, mussels held at Washington
State Park and at Irondale showed no change. In increases were highest
at the locations affected.by mine taidlings, but no pattern relafed to
length of exposure or to distance dowhstream was evident. Fe, Mn, and
Ba also varied considerably and seemed to follow no pattern with
location. High sample-to-sample variability precluded further
interpretation of the results for Zn, Fe, Mn and Ba.

In the Black River Basin, Pb and Cd levels were highest in mussels
held betow Clearwater Lake (Fig. 19). Pb levels here reached a mean of
3.5ug/g, which is only slightly less than the concentrations measured
in survey mussels (Table 16). Based on the Bourbeuse River mussel mean
Pb concentration of 0.12 ug/g, Pb in mussels below the reservoir
increased by a factor of 29. Cd concentrations also increased; levels
were slightly higher than those detected in the survey, but appeared to
plateau with no significant change between week 6 (0.78 ug/g) and week 8

(0.74 ug/g). No increases occurred in either Pb or Cd upstream of
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Clearwater Lake. This response is not unexpected given levels of Pb and
Cd in water and sediments at this location. Accumulations downstream
are important; they reflect an increase in available metals in

hypolimnionic release waters.
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. SUMMARY AND CONCLUSIONS

This report represents an intermediiféLétgp in the study of trace
metal dynamics in the Big and Black Rivebf;atersheds, Some phases of

the invéégggét{on have not yet been cbhﬁiétéd- the estimation of total
sediment’ transport in the Big R1ver,rand &;%a11ed evaluation of the |
sequential extraction results relative, to metal uptake rates by mussels
will be_forthcom1ngn Despite these l1m1tat1ons and the many obvious
shortcomiﬁgs of the data base, the investigation to date has yielded
valuab]é }nsight into the distribution and¥bj§§vai1ability of metals
from 01d Lead Belt tailings in the Big.ﬁivef.

There ‘should be no further question ‘as- to whether or not meta]s
from ta111ngs eventually find their way 1nto "the aquatic biota in
reachesudownstream.of the former Pb mjningfarea° Elevated residues Qf
Pb, Cd and Zn were found in every biolog1ca1 form examined--algae,
rooted plants, crayfish, mussels and f1sh° Furthermore, results of this -
survey corroborate the findings of the- M1ssour1 Department of
Conservation==Pb residues in edible portions -of some fish from affected
reachesrof the Big River presentlyrg§;eed recommended levels for human
consumptién: Even though Pb contaminafi33 bf'fish during collectioﬁ-and
process1ng may occur, the results of the clean room preparation study
and the doseeresponse relationship obég;;ed 1n the ALA-D vs. blood-Pb
1nvest19at10n indicate that the Pb mea;ured in Big River fish is not an

artifact ofrcollection and preparationzpfidgédureso Clean-processed fish

from affected area had detectable Pbéébndentrations; ALA=D inhibition by

blood-Pb could be predicted with 80%ﬂaCCQéaiy in suckers from the Big
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River; and neither of these measurements should have been influenced by
external contamination.

After documenting the distribution of trace metals in the Big River
watershed, the investigation sought to identify mechanisms that would
explain their distribution and estimate their bioavilability.
Examination of historical records and the collection of water quality
information under different flow conditions confirmed earlier
suspicions; most of the metals derived from Pb mine tailings are
transported in the solid phase, and concentrations (as well as mass) in
the suspended load increase with flow. Although the analyses are not
complete, these results highlight the importance of
infrequently-occurring, high-flow events in the movement of solid-phase
metals. Liquid-phase transport cannot be discounted; dissolved metals
concentrations also increase with flow and must be included in
consideration of mass transport. However, of the metals studied, oniy
Ba appears to be transported in the liquid phase to any extent, and only
Mn approached Missouri standards for drinking water in filtered samples.
However, in unfiltered samples from affected sites on the Big River,
residues of most metals exceeded drinking water standards at high flow.

The sequential extraction and caged mussel studies sought to
determine the relative availability of metals to the biota at affected
and unaffected sites. These investigations revealed that surprisingly
little Pb remains in residual (unavailable) form, even in tailings, and
that although proportionally more Cd than Pb is unavailable in tailings,
it too is rendered available as a result of interaction with the aquatic
environment. This was somewhat unexpected; conventional wisdom would

assume the metal sulfides to remain insoluble under the highly-buffered,
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a]kalinézznxiﬁfzing environment typicgfhbf the Big River. Several
mechanisms were postulated for the phenomenon; the most plausible of
which cent;};on the abilities of manynznngiituents in the Big River to -
form stable cnnplexes with the meté]s and ﬁhéfhigh concentrations of
sol:dephase mater1a1 capable of adsorpt1on. Tne data suggest that fhe
format1on of insoluble metal carbonates and'ndsorpt1on by dolomite
particles and hydrous oxides of Fe and Mn may ‘be the most important of
these mechamsms° Organically=bound metaléfwere relatively unimportant
in Big Rlver sediments, which was also’unexpected :

Investlgat1ons of Clearwater Lake revealed relatively low 1evels of
most meta]s, 'Sediment concentrations- w1th1n ‘and downstream of the 1ake
were genénn]]y'higher than concentra;jnnsfin;the Black River upstream.
Several mechanisms were postulated torexniéin this phenomenon. The moé;y
plausibie of'these includes: (1) differences in the particle-size
compos1tion of the sediments at the three sites; (2) selective
dissolut1on ‘and downstream export of certa1n -sediment constituents, and
(3) the dlssolution and re=prec1p1tat10n of Pb, Cd, and Zn in the
annua1~cyciéfof Fe and Mn oxidation/reddéffcn, Some re-precipitation of
the metals withln the sediments as su]fides also may occur, but metals.
in the surf1c1a1 lake sediments are probab]y solubilized when carbonates
are di;ﬁg]veq and hydrous oxides of Mn andiFe are reduced during summer
stratification. ;:i,

Nitn respect to the proposed fmnngﬁdhenf.of the lower reaches of -
the Big Riner, there is no reason tofsuggzqt-that limnological )
condit{;nétin such a reservoir wou]ij?iappreciab1y different than

presenﬁ“conditions in Clearwater Lake. The proposed reservoir would

certatnly,;tratify’ and reducing condianns would prevail for an
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extended period every year. Results of the séquential extraction study
suggest that most of the Pb and Cd present in sediments of the lower Big
River--thé exchangeable, carbonate-bound, and oxide-bound
fractions--could be solubilized under such conditions. Leland et al.
(1973), commenting on oxide-bound trace metals in Lake Michigan,
concluded that "Such alternating conditions of reduction and oxidation
result in the release and resorption of trace metals from hydrous oxide
surfaces and may lead to a dynamic cycle of some trace elements in lake
environments." Likewise, Forstner (1981) concluded that under reducing
conditions, Fe and Mn hydrous oxides may represent significant sources
of dissolved metals.

The sediments of an impoundment on the lower reaches of the Big
River would undoubtedly sequester significant quantities of trace metals
(even Clearwater Lake sediments shbw an enhancement.of Pb, Cd, Zn and Cu
relative to upstream concentrations). Rickard and Nriagu (1978)
describe "...unidirectional flow of Pb into the aerobic sediments."
However, the seasonal cycle of oxidation and reduction in the anerobic
environment, with concomitant mixing and distribution of
re-precipitated, fine-particulate metals, would probably result in
higher concentrations of sediment-bound, and hence, biologically-bound,
metals than presently occur in-the Big River. Considering that residues
in the Big River biota, especially in fish, are already unacceptably
high, any further increase in metals levels would only serve to
exacerbate an already marginal environmental situation,

The study revealed relatively little about the behavior of Ba
originating in the barite‘mining district except that it is widely

dispersed in the lower Big River watershed; that it is transported in
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both 11qu{ofano solid phases; and that:fcraoes not accumulate to any
greacﬁoggnee in the biota. Concencnationsin filtered water samples
fronfCXeanwater Lake were about thersame as concentrations upstream and
downst;eam, despite some apparent enhancement in lake sediments. 75 |
Concentrations in filtered water samples from the lower Big River were
about_Spgéof the present dr1nk1ng.wacef‘standard, the behavior of Ba
under reducing conditions should therefore_be evaluated more thoroughly.
in'tne short time span of thisjgn;estigation, it was not'reasonabie'
to consider all possibilities with'respect to the geochemistry of Pb.
The approach se]ected==espec1a11y the sequent1a1 extraction A
procedure==was the one deemed to prov1de the most useful information in
the shontest period of time. Even the origlnators of the procedure
emp]oyed (Tessxer et al. 1979), along with other authorities (e gu,
Rickard and Nriagu 1978), recognize the obv1ous shortcomings of sueh an
opecattona], non-theoretical approacn? The.aqueous chemistry of the
metals in the real-world environmentfis:far too complex to deal with in
such arsimplistic, one-time exercise;::FUture studies, if contemoiated,
shoo1&.therefore focus on more detai1ed,%;nermodynamic investigations of
the relacionships among the metals;and'the many possible complexing,
chelating, and adsorptive mechanisms that nay be involved, and on more
accurate{yfouant1fy1ng so]idaphaseuélqgfrates, Even without these
refinements, however, the studies completed to date have shown that
under present conditions, the metals. in Pb mine tailings represent an
avai]able source of potentially toxic mater1a1 to the downstream aquatic
environment. These metals can.in no@way ‘be considered benign or
pernanently'seqoestered in the1r_ggesent~state° They are actively

transported by the river and are accumulated by the biota.
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As a final consideration, Kramer (1976), citing a report by Parsons
(1947), reported that Pb mining activities in the 01d Lead Belt produced
some 227 million MT of tailings. Much of this material probably remains
in the Big River watershed. Any proposed developments within the
watershed--public works projects, major shifts in land-use patterns, and
ameliorative actions included--must therefore be evaluated in terms of
their potential effects on the distribution and availability of the

significant quantities of toxic metals present in these tailings.
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Dissolved (D) and totéT:(T).metals concentrations and - -
concentrations of other water constituents (all in mg/L)

in water samples from sites on the Big and Black Rivers and
from Clearwater Lake. . ‘
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4 MAR 78 USACE 6600.0 -  1.1400 -  0.008 - 0.442 -  0.045 - - - - - 0.006 -
5 MAR 78 USACE 7100.0 0.016 1.2000 0.002 0.007 0.0600 0.501 0.006 0.057 - - - - 0.005 0.026 0.150
6 MAR 78 USACE 7500.0 0.011 1.3100 0.001 0.007 0.0410 0.487 0.005 0.055 - - - - 0.005 0.030 0.050
7 MAR 78 USACE 7800.0 0.019 1.3700 0.001 0.006 0.0400 0.518 0.006 0.066 - - - .= 0.005 0.033 0.300
8 MAR 78 USACE - - - - - - - - - - - - - - - -
9 MAR 78 USACE 7950.0 0.021 0.7000 0.001 0.004 0.0250 0.303 0.007 0.043 - - - - 0.005 0.018 0.310
10 MAR 78 USACE - - - - - - - - - - - - - - - -
11 HAR 78 USACE 7900.0 0.010 0.6600 0.001 0.006 0.0300 0.321 0.005 0.035 - - - - 6.005 0.011 0.150
12 MAR 78 USACE - - - - - - - - - - - - - - - -
13 MAR 78 USACE 7600.0 0.012 0.5750 0.001 0.005 0.0300 0.339 0.003 0.035 - - - - 0.005 0.008 0.090
14 MAR 78 USACE - - - - - - - - - - - - - - - -
15 MAR 78 USACE 7400.0 0.006 0.4900 0.001 0.003 0.0150 0.235 0.002 0.026 - - - - 0.005 0.006 0.090
16 APR 78 USACE 8500.0 0.003 1.0300 0.001 0.005 0.0520 0.590 0.003 0.059 -~ - - - 0.005 0.043 0.050
17 APR 78 USACE 10000.0 0.001 1.1800 0.001 0.006 0.0100 0.640 0.002 0.062 - - - - 0.005 0.043 0.040
18 APR 78 USACE 11500.0 0.004 0.7800 0.001 0.005 0.0400 0.570 0.003 0.062 - - - - 0.005 0.043 0.110
19 APR 78 USACE 12900.0 0.013 0.8800 0.001 0.005 0.0410 0.530 0.007 0.061 - - - - 0.005 0.043 0.390
20 APR 78 USACE 14560.¢  0.008 1.1800 0.001 0.006 0.0310 0.650 0.006 0.072 - - - - 0.005 0.047 0.220
2] AFR 78 USACE 16200.0 0.007 1.3900 0.001 0.006 0.0270 0.690 0.00§ 0.100 - - - - 0.005 0.047 0.260
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"4 7.40 - 0.970 9.2 6.8 100 126 227 163 465 40 124 4 24 48 0.45 0.02 0.04 0.43 0.02 11.00 60.00 29.00 - 11.0
5 15.40 0.0500 1.320 8.9 7.0 92 125 221 158 600 52 132 4 22 55 0.48 0.02 0.01 0.50 0.03 45.80 35.80 18.40 - 11.0
6 21.30 0.0500 1.350 8.8 7.3 90 127 213 151 642 58 185 4 21 60 0.49 0.02 0.05 0.59 0.04 12.60 49.30 38.10 - 11.5
7 21.40 0.0500 1.320 8.7 7.3 82 110 206 159 628 59 165 4 22 59 0.50 0.02 0.04 0.61 0.04 19.80 56.80 23.40 - 11.0
8 - - - - - - - - < - 4 < - -« - - - - - 357303.70 28.00 - -
9 11.80 0.0500 0.980 8.9 7.4 79 99 187 143 443 45 130 3 22 48 0.57 0.02 0.07 0.45 0.01 48.40 26.60 25.00 - 11.0
10 - - - - -~ < - - - - - 42 - - - - = = - 11.60 35.30 53,10 - -
11 7.70 0.0500 0.615 9.4 7.6 63 112 198 139 227 25 70 3 20 33 0.41 0.01 0.02 0.25 0.02 54.10 22.30 23.60 =~ 9.0
12 - - - - - - - - - - 4 << < - - - = -« -« 13,5058.10 28.40 - -
13 7.30 0.0500 0.565 9.6 7.4 84 105 198 145 205 25 66 3 20 31 0.38 0.02 6.03 0.21 0.02 29.00 60.90 10.10 - 9.0
1% - - - - - - - < - - -« << = = -« - = = - 31.10 35.60 33.30 - -
15 5.60 0.0500 0.440 9.7 ~- 86 109 203 143 170 22 56 3 18 29 0.40 0.01 0.03 0.20 0.02 11.80 51.40 36.80 - 9.0
16 21.40 0.0506 0.890 - - - - - - - - - - -670.16 0.02 - 0.53 0.03 17.60 61.40 21.00 - -
17 23.00 6.0500 1.370 - - - - - < < = == = < - = = = = 37.1055.20 7.70 - -
18 24.90 0.0500 1.270 - - - - - = = =~ - = = - - = = = - 20.50 68.80 10.70 - -
19 21.80 0.0500 1.100 - - - - - - - - - = - - - - = = - 3370 41.10 25.20 - -
20 24.00 0.0500 1.170 - - - - - = = - = = - - = = = - 9.2058.40 32.40 - -
1

21 25.40 0.0500 1.200 - - - - - - - - - - = - - - - - - 268.90 41.10 29.00
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22 APR 78 USACE 18700.0 0.006 1.3000 §.001 0.006 0.0170 0.760 0,004 0.082, - . - - - . '0.005 0.058 8.120
23 APR 78 USACE 20900.0 0.009 1.3000 8.001 0.006 0.0220 0.720 6.00% 0.072 - - - - ' 0.005 0.048 0.260
24 APR 78 USACE 23500.0 0.013 1.2600 0.001 0.006 0.0470 0.710 0.005 0.068 - - - - 0.005 0.057 0.220
25 APR 78 USACE 27000.0 0.015 1.1800 0.001 0.005 0.0520 0.620 0.008 0.081 - - - - 0.005 0.050 0.380
26 APR 78 USACE 29200.0 0.011 1.2000 0.001 0.006 0.0270 0.660 0.005 0.075 - - - - 0.005 0.048 0.220
27 APR 78 USACE 30800.0 0.013 1.3000 0.001 0.006 0.0370 0.590 0.006 0.078 - - - - 0.005 0.042 0.390
28 APR 78 USACE 30900.0 0.009 1.2000 0.001 0.006 0.0220 0.600 0.004 0.06% - - - - 0.005 0.036 0.150
29 APR 78 USACE 31600.0 0.006 1.1600 0.001 0.006 0.0220 0.5%0 0.006 0.0668 - - - - 0.005 0.049 0.120
30 APR 78 USACE 32400.0 0.019 1.1150 0.001 0.006 0.0600 0.535 0.010 0.059 - - - - 0.005 0.042 0.240
31 APR 78 USACE 33100.0 0.010 1.1600 0.001 0.006 0.0300 0.605 0.00% 0.077 - - - - 0.005 0.042 0.110
32 APR 78 USACE 33500.0 ©.007 0.9500 0.001 0.005 0.0300 0.600 0.010 0.068 - - - - 0.005 0.047 0.090
33 APR 78 USACE 34200.0 0.006 1.0350 0.001 0.005 0.0270 0.570 0.006 -0.049 - - - - 0.005 0.04% 0.080
3% APR 78 USACE 34000.0 0.004 1.0350 0.001 0.114 0.0200 0.750 0.005 0.057 - - - - 0.005 0.043 0.030
35 APR 78 USACE 34200.0 0.012 1.1600 0.001 0.010 0.0320 0.570 0.016 0.067 - - - - 0.005 0.046 0.280
36 APR 78 USACE 34300.0 0.006 1.2850 0.001 0.008 0.0340 0.605 0.006 0.068 - - - - 0.005 0.048 0.110
37 APR 78 USACE 34200.0 0.007 1.4100 0.001 0.009 0.0220 0.720 0.005 0.073 - - - - 0.005 0.049 0.110
38 APR 78 USACE 34200.0 0.008 1.4500 0.001.0.009 0.0450 0.670 0.005 0.066 - - - - 0.005 0.052 0.130
;1 ' 39 AR 78 USACE 34200.0 - 0.008. 1.4500 0.001:0.009 0.0450 0.670 0.005 0.066 -, . - - - - 40.0050.052 0.130 =
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22 26.20 0.0500 2.350 - - - =~ - - - - - - -6560.160.02 - 0.59 0.03 16.10 46.80 37.10 - -
23 29.80 0.0500 1.500 - - - - - - - - - = = = = - - - -  7.0038.2054.80 - -
24 29.20 0.0500 1.200 - - -~ - -~ - = - == - = = = = = - 12.70 52.60 34.70 - -
25 26.20 0.0500 1.400 - - = - - - = - -~ - - = = = - -  7.0058.30 3.70 - -
26 26.90 0.0500 1.350 - - ~ - = - = - - - - = = = = - 1540 44.30 40.30 - -
27 264.00 0.0500 1,350 - - - - = - = - - = - = = - = - - 517063.80 30.50 - -
28 20.00 0.0500 1.250 - - - =~ - - = - - - -580.230.02 - 0.550.04 5.20 77.90 16.90 - -
29 23.00 0.0500 1.200 - - - - - - - - == - = = - - - - 980 51.80 38.40 - -
30 20.00 0.0500 1,670 - - = - = - - - == = = = = = - - 5460 73.80 20.60 - -
31 24.00 0.0500 1,170 - - -~ - = - - - - = - = = = - = - 14.80 46.90 38.30 - -
32 23.80 0.0500 1,170 - - - - = = = = == = = = = - - - 16.50 46.30 37.20 - -
i 33 21.40 0.0500 1,120 - - - = = = = = == = = - - o7 - - 6.4054.90 38.70 - -
34 21.60 0.0500 1.200 - - - - - - - - - - =580.210.02 - 0.540.06 5.50 87.90 6.60 - -
35 23.00 0.0500 1.400 - - S T T R R - - - -~ "11.80 53.60 34.60 " - -
36 25.40 0.0500 1.525 - - - ‘= = - = = == .= = = = ~ = - 640 54.40 39.20 - -
37 28.00 0.0500 1.830 - - =~ - - - < = == = = = = = - - 520656029.20 - -
38 27.80 0.0500 1.675 - - = - - - = = == = = = = = = -  4.9059.60 35.40 - -
39 27.80 0.0500 1,675 - - = - = = = = == =~ = = = = = - 4.9059.70 35.40 - -




r.

D
D F E
0 A L L P D T D T D T D T ] T D T D T D
B T A 0 T P P c c 4 z c c B B A A A A F
S E B W H B B D D N N u 1] A A G 6 S S E
40 APR 78 USACE 34200.0 0.007 1.1500 0.001 0.007 0.0220 0.580 0.007 0.057 - - - - 0.005 0.045 0.150
41 APR 78 USACE 34500.0 ©0.008 1.2450 0.001 0.008 0.0220 0.655 0.006 0.060 - - - - 0.005 0.048 0.150
42 APR 78 USACE 34300.0 0.010 1.1600 0.001 0.008 0.0270 0.635 0.0Q5 0.039 - - - - 0.005 0.046 0.170
43 APR 78 USACE 33800.0 0.008 1.0350 0.001 0.007 0.0350 0.535 0.006 0.047 ~ - - - 0.005 0.039 0.150
44 APR 78 USACE 33100.0 0.011 1.0350 0.001 0.008 0.0350 0.600 0.006 0.048 - - - - 0.005 0.038 0.200
45 APR 78 USACE 29400.0 0.007 0.6600 0.001 0.005 0.0240 0.3065 0.005 0.056 -~ - - - 0.005 0.029 0.180
46 APR 78 USACE 27000.0 ©0.016 0.8250 0.001 0.006 0.1550 0.410 0.012 0.080 - - - - 0.005 0.028 0.240
47 APR 78 USACE 24300.0 0.018 0.7850 0.001 0.004 0.0570 0.345 0.009 0.068 - - - - 0.005 0.019 0.280
48 APR 78 USACE 21600.0 0.007 0.7400 0.001 0.066 0.0350 0.675 0.008 0.071 - - - - 0.005 0.021 0.110
49 JUL 80 CHFRL 95.6 0.005 0.0425 0.001 0.001 0.0125 0.029 0.005 0.005 0.467 0.489 0.001 0.001 - - 0.010
50 APR 81 CHFRL 650.0 0.007 0.0840 0.001 0.001 0.0100 0.030 0.006 0.011 0.320 0.380 0.001 0.001 - - 0.045
51 MAY 81 CHFRL 11900.0 0.026 0.4400 0.001 0.001 0.0500 0.170 0.037 0.024 0,100 0.220 0.001 0.001 - - 0.140
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40 23.20 0.0500 1.270 - - - - - - ~ - == -1710.240.03 - 0.68 0.03 8.70 51.50 39.80 - -
41 24.90 0.0500 1.450 - - T - - - - 10.50 49.90 39.60 - -
42 23.00 0.0500 1.300 - - - - = s . e ee - - . - - - - 4,40 52.10 43.50 - -
43 18.40 0.0500 0.945 - - - - = = ~« - == -480.190.02 - 0.47 0.02 7.70 53.30 39.00 - -
44 18.60 0.0500 1.020 - - e - - - - 12.30 48.20 39.50 - -
45 13.60 0.0500 0.845 - - - - = - ~ - - - -420.180.02 - 0.40 0.02 7.20 53.20 39.60 - -
46 13.80 0.0500 0.845 - - - - = - e e ee - - - - - - - 19.40 40.60 42.00 - -
47 9.30 0.0500 0.650 - - - - = - e - e - A - - - - - 4.20 49.10 46.70 - -
48 10.40 0.0500 0.590 - - - - e - e o ee - . - - - - - 17.20 42.70 40.10 - -
49 0.27 0.0305 0.070 6.2 7.4 236 274 489 298 9 2 3 5 44 4 0,11 0.01 0.01 0.03 0.01 0.00 87.86 12.14 27.0 24.0
50 0.61 0.0130 0.130 8.2 7.5 171 200 379 226 30 S5 8 4 24 14 0.28 0.02 0.04 0.01 0.01 &.09 91.09 4.82 17.0 17.5
51 0.50 0.0470 0.340 8.4 7.6 70 88 178 128 145 25 72 8 19 32 0.37 0.01 0.08 0.21 0.03 23.18 49.25 27.57 11.5 11.9
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73 ‘JUL 80 CHFRL ~ 70.2 0.009 0.0905 0.001L 0.001 ©.0105 ©.639 0.005 0.005) 0.4225° 0.45 0.001 0.001 - = 0.0205
76 APR 81 CNFRL  490.0 0.005 0.1400 0.601 ©.001° 0.0100 ©€.670 0.607 0.005° 0.1600 0.22 0.001 0.001 - - 0.0490
75 MAY 81 CNFRL 11395.0 0.021 0.7000 ©0.001 0.006 - . .0.220 0.005 0.017 0.0950 0.19 0.001 0.001 - - 0.0500
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73 0.38 0.04% 6.139 5.7 8.0 230 296 560 345 23 6 .6 8 72 8 0.15 0.01 0.01 0.06 0.03 0.00 84.90 15.10 24.0 23.0
7% 0.78 15 ©.170 8.5 7.7 165 224 425 256 35 7 96 56 13 0.7% 0.03 0.05 0.11 0.03 0.00 90.23 9.77 21.0 18.0
75 3.00 41 0.510 8.1 7.9 88 113 2346 134 172 22 51 3 24 26 0.57 0.01.0.07 0.17 0.03 10.11 69.99 19.96 19.5 12.3
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1 JUL 80 CHFRL 29.6 0.005 0.0085 0.001 0.001 0.01 0.01 0.005 0.005 0.5955 0.62 0.001 0.001 - - 0.0115
2 APR 81 CHFRL 160.90 0.006 0.0050 0.001 0.001 0.0l 0.01 0.005 0.005 0.3500 0.36 0.001 0.001 - - 0.0320
3 HMAY 81 CHFRL 505.0 0.005 0.009¢ ©0.001 0.001 ©0.01 0.01 0.005 0.005 0.2400 0.28 0.001 0.001 - - 0.0300
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1 0.105 0.010 0.022 9.8 8.0 242 247 418 252 5 2 1 2 1o 4 0.13 0.01 0.09 0.02 0.01 O 90.68 9.32 31 25.0
2 0.052 0.011 o.003 9.7 7.9 179 192 350 197 2 1 1 2 13 11 0.1 0.0} ©0.01 0.03 0.01 O 54.25 45.75 21 17.0
3 0.340 0.009 0.045 12.0 7.9 126 140 262 156 28 7 10 2 14 15 0.23 0.01 0.01 0.06 0.02 0 49.12 50.88 21 16.6
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58 JUL 80 CNFRL - | 0.005 0.005 0.00L 0.001 0.01 0.01 0.005 0.005 0.047 '0.0435 0001 0.00r - - 0.0175.°0.025"
59 A4PR 81 CHFRL - 0.005 - ©.005 0.001 0.001 0.01 0.0I 0.005 0.005 0.037.0.0340 ©0.001 ©0.001 - =~ 0.0120 0.038
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58 0.0085 0.007 8.8 7.7 123 128 @253 177 1 1 1 3 12 2 0.11 0.01 0.05 0.01 0.01 O 63.68 36.32 31.0 25.0
59 0.0040 ©0.007 9.0 7.5 125 146 287 162 4 3 2 & 21 & O0.19 0.01 0.01 0.05 0.01 O 84.75 15.25 22.0 16.7
60 0.0300 0.015 9.5 8.0 65 98 163 111 9 } 13 2 14 12 0.18 0.01 0.02 0.05 0.01 ©0 86.91 13.09 24.5 14.7
-------- e e e L e e e e e - =~ SITESBLK R ON e
b Loy £ ! ‘ {7
' ! ‘ ) . ' J‘ “g 1 ) ! 1? I u
| , 1‘{ } R E i : “' . H”j, 4 ; ] . 4 y ]
. LI ! » | | | :‘ ;
' D! F ”E N . ' , . ) " ‘ "; '
0 A Lo L P D T D T ] T ] T D T D T- DT (D
B T A oT P P c c z z c c B ) A A A A F
s E B HH B B D 1] N N v u A A 6 6 S S E
61 JUL 80 CHFRL 200 0.005 0.005 0.001 0.001 0.0} 0.01 ©0.005 0.005 0.0705 0.068 0.001 0.001 - - 0.0145
62 APR 81 CNFRL 1040 0.005 0.005 0.001 0.001 0.01 0.01 0.005 0.005 0.0370 0.038 0.001 0.001 - - 0.0100
63 HAY 81 CHFRL 160 0.005 0.005 0.001 0.001 0.01 0.01 0.005 ©0.005 0.0270 0.029 0.001 ©0.001 - - 0.0900
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61 0.105 0.207 0.27¢ 7.6 7.4 120 122 23 145 6 2 3 3 12 2 0.06 0.0l 0.05 0.02_0.01 0 82.22 17.78° 34 26.0
62 0.032 0.008 0.032 8.5 7.7 113 138 270 15 3 2 0 5 24 6 0.29 0.01 0.01 0.02 0.01 0 50.93 49.07 18 14.9
63 0.120 0.007 0.032 8.8 8.0 72 91 186 101 4 1 2 2 14 '6 0.31 0.01 0.06 0.02 0.01 0 81.77 18.23 22 15.0
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52 JUL 80 CHFRL 45.3 0.0195 0.041 0.002 0.004 0.313 0.359 0.005 0.005 0.1465 0.137 0.001 0.001 - - 0.0165 0.09
53 APR 81 CHFRL 298.0 0.0110 0.085 0.001 0.001 0.060 0.110 0.005 0.005 0.0900 0.09% 0.001 0.001 - - 0.0420 0.42
54 MAY 81 CHFRL 932.0 0.0120 0.110 0.002 0.004 0.100 0.160 0.005 0.006 0.0650 0.071 0.001 0.001 - - 0.0450 0.63
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52 0.070 0.078 8.7 8.3 202 336 651 45% % 3 1 9 144 2 0.81 0.02 0.09 0.06 0.03 0.00 97.08 2.92 27.5 25.0
53 0.026 0.077 8.4 7.7 133 170 329 199 8 3 5 3 30, 16 0.77 0.02 0.03 0.04 0.0l 0.00 63.12 36.88 19.0 18.0
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55 JUL 80 CHFRL 7.1 0.005 0.005 0.001 0.001 0.01 ©0.01 0.005 0.005 0.153 0.154 0.001 0.001 - - 0.018
56 APR 81 CHFRL 160.0 0.005 0.005 0.001 0.001 0.01 0.01 0.005 0.005 0.07?5 0.078 0.001 0.001 - - 0.022
57 HMAY 81 CHFRL 300.0 0.005 0.005 0.001 0.001 0.01 0.01 0.005 0.005 0.059 0.066 0.001 0.001 - - 0.028
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55 0.318 0.023 0.115 5.8 7.8 196 210 381 225 10 2 ¢ 3 16 3 0.12 0.01 0.02 0.02 0.01 0 72.01 27.99 26.0 25.2
56 0.260 0.025 0.068 9.1 7.6 121 142 280 158 5 2 3 2 18 10 0.28 0.01 0.01 0.05 0.01 0 87.09 12.91 17.0 17.0
57 0.230 0.018 0.065 8.8 7.7 100 124 245 141 11 5 4 2 17 8 0.77 0.01 0.0} 0.04 0.01 0 65.02 34.98 14.5 13.6
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. && JUL 80- CHFRL® -’ BOTTOH ;‘0.005; 0.005 0©.003 0.001 0.01 &.01 0.005 0.005 0.069 0.073 .0.001 0.00L - .- 0.130
! 65 JUL 80 CHFRL - 5-4 6.005 0.005 ©.001 0.001 ©.01 0.01 0.005 0.005 .0.052 0.050 6.001 0.001 - -: 0.022
66 'JUL 80 CHFRL - SURFACE 0.005 0.005 0.001 0.001f '0.01 0.01 0.005 0.005 0.652 -0.049 0.001 0.001 ~- - 0.023
67 APR 81 CHFRL - 5-H4 0.005 0.005 0.001 0.001 0.0 0.01 0.005 0.005. 0.035 0.037 0.001 0.001 -~ - 0.018
68 APR 81 CNFRL - SURFACE 0.005 6.005 0.001 0.001 0.01 0.0%1 0.005 0.005 0.03 0.037 0.001 0.001 - - 0.032
69 MAY 81 CHFRL - BOTTON 0.005 0.005 0.001 0.001 ©0.01 0.01 0.005 0.005 0.023 0.029 0.001 0.001 - - 0.020
70 MAY 81 CNFRL - 10-H 0.005 0.005 0.001L 0.001 ©0.01L 0.01 0.005 0.005 0.02%4 0.028 0.001 0.001 - - 0.070
71 MAY 81 CNFRL - 5-H 0.005 0.005 0.001 0.001 0.01 ©.01 ©0.005 0.005 0.030 0.030 0.00F ©0.001 - - 0.020
72 HAY 81 CNFRL - SURFACE 0.005 0.005 0.001 0.001 0.01 0.0l 0.005 0.005 0.030 0.031 ©.001 0.001 - - 0.0l0
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Y. 64 0.450 1 eeo 1. 730 0.2 7.4 120 136 242 146 26 5 2° 3.12 3 06.05 0.01 0.10, 0.02 0.01 - -. | -. !29.0 18.1
"+ 65 0.037 0.008 ”o 013 "6.7 8.2, 120 121’ 229 140 3 2 1 3.13 3 0.01 0.01 0.0 0.02/0.01 .-. - i - 429.0 25.4
66 0.020 .0.005 To. 013. 8,0 B8.5. 114 (122 228 138 1 1 1 3 12 2 0.01 0.01 0.0} 0.01° 0:01 0 1. 05 96195 29.0 "27.5
! 67 -0.180 'O, 005 0.030 8.4 '7.7 117 148 275 156 3 2 2 & 22 .6 '0.25 ©0.01 0.01 0.02 0.01 - - - 20.0.:16.7
68 0.078.' 0.002 0.012 8.3 8.0 127 142 280° 153 -3 3 1 4 19 5 0.16 0.01 0.0L 0.02 0.01 O 0.97' 99.03 26.0 18.5
69 0.270° 0.011 0.042 7.8 7.1 54 70 143 91 71 9 -2 14 11 0.19 ¢.01 0.01 0.07 0.01 - .- : - 25,5 13.9
70 0.320 0.008 0.051 7.¢ 7.2 64 97 109 98 2 1 7 2 13 11 0.19 0.01 ¢.02 0.04 0.01 - - - 25.5 14.3
73 0.106 ©.00% ©0.018 7.8 7.5 96 114 227 129 1 1 3 &4 &7 9 0.16 0.01 0.01 0.02 0.01 - - - 25.5 15.9
72 0.110 0.006 0.001 8.7 7.8 98 1ll6 234 130 1 1 3 3 5 0.16 0.01 0.01 0.02 0.01 0 2.00 98.00 25.5 20.8
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Appendix B. Metals concentrations in sequentially-extracted sediment

fractions (ug/g, dry weight), particle size distributions
for individual samples (%), and total organic carbon (TOC)
concentrations (mg/g, dry weight). The following suffixes
identify the fractions: E, exchangeable; C, carbonate-
bound;- 0X, oxide-bound; 0, bound to organic matter; and

R, residual. T- prefixes indicate metals concentrations
(total) determined by conventional acid digestion and AA
analyses of separate sample aliquots.
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SEQUENTIAL EXTRACTION OF SEDIMENTS

0BS LOC DESCRP PCTSAND PCTSILT PCTCLAY TOC PBE PBC PBOX PBO PBR TPB CDE CDC CDOX CDO COR  TCD
3 MIM FORK RIFFLE 66.085¢ 20.2877 13.6269 6.53 & 87 86 30 38.4 200 0.4 0.6 0.9 0.4 0.02 1.60

2 MIN FORK POOL  90.4875 7.1438 2.3687 8.46 & 149 111 62  42.5 330 0.6 0.6 1.5 0.4 0.06 0.8%

3 BRN'S FO RIFFLE 67.7358 7.8871 4.3771 1.66 & 508 874 105 140.0 900 2.7 4.9 1.7 1.4 0.70 7.50
& BRN'S FO RIFFLE 95.8835 2.9500 1.1665 0.4% 4 215 376 50 42,6 630 1.4 1.4 0.6 0.4 0.50 3.30
5 BRN'S FD RIFFLE 90.7609 4.1616 5.0778 2.52 & 143 197 23  44.6 420 0.6 0.6 0.4 0.4 0.02 2.90
© & BRN'S FD' POOL  .72.4328 23.0532 4.5140 . 5.43 15 1261, 770, 83 105.2 1800 0.6 4.2 1.7 0.5 0.02 5.60
- 7 BRN'S FD POOL'  49.9588 36.6011 13.4401 9.16 17 1296 926 89 .150.7- 2200 0.7 4.2 2.4 ;0.5 0.82 7.20
8 BRN'S FD PODL ~ 42.6295 38.0557 19.3148 9.04 34 2332 1486 105 176.0 3900 6.6 4.7 3.3 1.2 1.20 . 9.30
9 DESLOGE RIFFLE' 92.1700 4.2725 . 3.5575 3.98 19 1023 1178 115 406.8 2800 1.9 /1.0 6.4 1.0 - 4.61 118.00
10 DESLOGE RIFFLE 94.2663 3.5604 2.1733 3.57 11 1509 1166 132 142.9 2900 3.3 9.0 4.%° -1;01{27 30 57.00
11 DESLOGE RIFFLE 92.6555 3.3197 4.0248 5.313 20 1444 993 - 60 101.5 2800 2.3 4.3 5.5 1.1 7.25 21.00
12 DESLOGE POOL  99.8200 0.0577 0.1223 0.05 13 525 569 81 '565.6 ‘1600 1.0 5.6 2.1 0.8 27.22 44.00
13 DESLGGE POOL  99.5512 0.2078 0.2610 0.12 25 616 618 117 1215.0 2200 0.8 5.8 2.2 1.0 64%.70 56.00
16 DESLOGE POOL  99.2413 0.4637 0.2950 0.19 26 652 580 138 830.8 2100 0.6 5.9 2.2 2.0 35.00 47.00
15 IRONDALE RIFFLE 95.6703 3.5158 0.8139 2.14 & ¢ 16 & 18.0 33 0.6 0.4 0.6 0.4 0.02 0.20
36 IRCNDALE RIFFLE 96.2937 2.7327 0.9736 2.16 & 4 23 7 17.1 S0 0.4 0.4 0.4 0.4 0.02 0.10
17 IRONDALE RIFFLE 97.3109 1.8017 0.8674 0.86 & 4 25 46 11.3 29 0.4 0.4 0.4 0.4 0.02 0.09
16 IRONDALE POOL  864.8437 12.6041 2.5522 6.00 & 6 3% 10 10.7 53 0.6 0.4 0.4 0.6 0.02 0.20
19 IROHDALE POOL  94.3333 4.9116 ©6.7551 5.08 & ?7 23 7 8.3 35 0.4 0.4 0.4 0.4 0.02 0.10
20 IRONDALE POOL  89.8758 8.8199 1.3062 6.77 & 7 19 7 8.1 39 0.4 0.4 0.6 0.4 0.02 0.20
22 BLK R UP RIFFLE 98.5915 0.9317 0.4768 1.24 & 4 4 & 3.9 10 0.4 0.¢ 0.¢ 0.6 0.02 0.09
22 BLK R UP RIFFLE 99.0805 0.3429 ° 0.5765 0.32 & 3 5 4 4.2 10 0.4 0.4 0.4 0.¢ 0.02 0.09
23 BLK R UP RIFFLE 99.105¢ 0.4249 0.46696 0.77 & 4 4 & 3.4 10 0.4 0.6 0.4 0.4 0.02 0.09
24 BLK R UP POOL = 97.6873 1.4068 0.9059 0.83 & ) 4 o .3 20 0.4 0.4 0.4 0.4 0.02 0.09
4 4 5 e 5.9 12 0.4 0.4 0.4 0.4 0.02 0.09

25 BLK R UF POOL. 96.5091 0.56%4 0.9265 3.41
s , . [
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S N o 1 136. o 22.0. 120 360.0.4 0.4 0.5 5 1 16H8 29 126.0 283.0 89.6 61.9 2400:1700J13600 15000 ' 79 660 ;
f2 .60.6 149.0 26.4 157 200 0.4 0.4 0.4 6.3: 19.0 15122.0 310.6 . 97:.7 52.7/2231 1500 15702 11000 ~ 91 270/
3 196.0 228.0 64.1 330 490 0.4 2.9 2.6 12.5 19.0 33 88.0 83.1/92.5 3¢.0 1653 1200 19834 14000 107 1200 |
4 74.4 125.0 28.9 149 220 0.4 1.7 2.4 4.5. 7.5 10 50.8 30.0 66.3 24.8 891 4560 13699 7100 65 430 !
5 40.1 34.0 6.7 4% 440 0.4 0.9 1.5 2.0 0.2 21 28.9 38.7 2.5 27.9 1228 3400 5848 9200 36 600
6 192.0 217.0 22.2 165 420 0.4 0.8 1.0 19.1 36.2 48 B82.6 67.8 85.7 29.2 1184 2900 1447% 14000 92 1200
7 166.0 217.0 25.2 171 520 0.4 0.5 1.0 20.9 37.7 5% 75.3 66.8 87.5 23.1 1164 1800 15068 12000 109 1300
8 190.0 286.0 58.8 200 660 0.9 0.4 1.2 39.0 43}.6 76 110.0 70.7 89.9 27.7 1040 1600 16000 21000 104 1500
9 409.0 396.0 45.0 1429 970 0.4 4.1 0.5 18.9 113.1 47 12.9 19.1 105.0 12.8 250 160 39286 23000 2976 3300
10 957.0 489.0 53.6 452 3160 1.0 3.5 0.9 34.3 56.4 45 25.3 35.5 36.8 5.4 302 160 17460 21000 579 3100
11 659.0 413.0 45.1 507 1090 0.4 0.9 0.4 34.5 60.1 76 29.2 25.4 17.7 8.8 232 240 15942 29000 536 4500
12 209.0 222.0 26.2 1060 2700 0.4 2.6 0.4 6.6 27.8 27 4.9 4.6 23.4 1.9 59 74 13907 27000 927 4100
13 206.0 206.9 36.8 130] 3040 6.¢ 4.0 0.% 16.9 34.2 36 6.9 7.1 12.¢ 4.6 66 65 14384 29000 959 3700
14 193.0 177.0 65.7 147% 26440 0.¢ 1.3 0.4 14.¢ 32.7 32 1.9 6.8 36.6 4.2 56 60 12179 28000 769 3900
15 4.0 9.6 1.9 33 510.4 0.40.4°- 1.1} &.5 13 30.2 33.2 646.6 2.1 275 280 14504 12000 70 1200
16 7.5 21.7 2.3 43 66 0.4 0.40.9 1.5 12.¢4 18 42.5 49.0 6%.6 15.6 349 330 17829 14000 101 1500
17 2.8 7.6 1.1 29 43 0.4 0.4 0.4 0.8 6.4 12 19.1 19.4 52.5 1.5 167 250 10000 9200 60 790
18 14.9 22.2 3.0 91 820.4 1.01.0 5.8 22.3 21 68.6 97.6 79.1 18.7 275 480 21667 20000 125 2300
19 7.0 13.4 2.0 41 é50.4 0,7 0.4 1.8 13.1 19 57.2 65.1 50.9 17.8 204 300 17518 15000 109 1200
20 6.8 12.3 2.3 41 770.4 0.40.4 1.9 12.3 35 67.1 58.5 48.8 11.9 282 410 15217 18000 101 1600
21 2.1 . 3.7 0.8 14 280.4 0.40.5 1.0 4.1 9 3.3 2.7 1.1} 1.0 71 -85 3622 5400 - 18 200 ,
22 2.5 5.8 1.0 1% 260,64 0.¢42.4 1.6 5.1 11 8.9 6.2 2.4 2.0 83 78 4916 4600 25 210 .
23 1.2 3.5 0.6 11 260.4 0.40.7 0.7 3.8 5 5.2 2.1 1.3 1.0 63 87 3829 4700 22 170
24 1.8 4.5 0.5 12 320.4 0.42.6 1.2 4.2 9 6.9 4.9 1.2 1.0 80 89 4380 6800 19 260
25 2.7 5.0 0.8 15 300.4 0.405 1.3 5.2 9 7.7 3.3 2.2 1.0 74 79 5469 5700 30 170
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SEQUENTIAL EXTRACTION OF SEDIMENTS

0BS LOC DESCRP PCTSAND PCTSILY PCTCLAY T7TOC  PBE PBC PBOX PBO PBR TPB CDE CDC CDOX CDO CDR TCD  ZHNE
26 BLK R UP POOL 99.4671 0.3322 0.20065 1.26 4 4 5 4 4.7 10 0.4 0.4 0.4 0.4 0.02 0.09 0.4
27 BLK R DN RIFFLE 94.1818 2.9250 2.89320 3.28 4 4 101 17 24.1 158 0.4 0.4 0.4 0.4 o0.02 0.55 0.4
28 BLK R DN RIFFLE 96.8326 1.4672 1.70021 4.26 4 4 22 16 29.5 55 0.4 0.4 0.4 0.4 0.12 0.47 0.4
29 BLK R DN RIFFLE 94.3590 2.7879 2.85317 4.92 4 4 57 11 23.1 806 8.4 6.4 0.5 0.4 0.08 0.47 0.4
30 BLK R DN POOL 93.1373 2.8478 4.01492 2.57 4 4 54 4 7.9 75 0.4 0.4 0.4 0.4 0.02 0.40 0.4
31 BLK R DN POOL 84.5045 8.1899 7.30555 5.29 4 4 47 18 21.8 63 0.4 0.4 0.4 0.4 0.02 0.20 0.4
32 BLK R DN POOL 93.8511 2.7637 3.38518 3.71 4 4 41 16 20.7 62 0.4 0.4 0.4 0.4 0.02 0.20 0.4
33 CH LAKE POOL 87.1795 12.2645 0.55601 5.60 4 20 26 12 21.5 866 0.4 0.4 6.4 0.4 0.06 0.50 0.4
34 CM LAKE POOL 89.8575 8.8834 1.25916 6.00 4 19 23 11 11.8 87 0.4 0.4 0.4 0.4 0.02 0.82 0.4
35 CK LAKE fOOL 97.9442 1.4700 0.58576 b5.20 4 18 26 12 20.0 93 0.4 0.4 0.5 0.4 0.02 0.56 0.4
36  TAILINGS . 99.4110 0.0640 0.52500 . 40 476 605 70 257.3 1500 1.8 4.5 0.9 0.7 6.50 10.00 18.0
37  TAILIHGS . 99.7750 0.0480 0.11700 . 36 539 73¢% 57 219.5 1800 1.5 4.8 1.1 0.4 7.30 12.00 17.5
38  TAILINGS . 98.9010 0.1360 0.96300 . 35 573 859 180 1103.0 2200 2.0 4.4 1.0 0.4 7.06 10.00 16.0
39 WS PARK RIFFLE 93.3567 64.1464 2.49697 2.88 14 1038 775 90 112.8 1590 2.0 6.5 2.2 0.4 ©0.71 5.10 1l0.2
40 HS PARK POOL 97.9474 0.8820 1.17057 1.44% 49 705 825 74 86.9 1350 2.0 5.5 1.3 0.4 0.68 1.80 7.3
OBS ' ZNC ZHOX 2ZNO ZHR TZN CUE CUC CUOX CUO CUR TCU BAE - BAC BAOX BAO BAR TBA FER TFE MHR  THH
26 2.3 4.1 6.6 13 24 0.4 0.4 0.4 0.9 5.1 5 5.2 2.9 1.9 1.0 112 54 5176 4100 27 78
27 24.7 37.6 8.0 68 83 0.4 0.4 1.5 7.6 22.4 75 31.5 168.0 398.0 67.4 226 340 20690 13000 157 7400
28 25.5 "34.5 6.8 95 84 0.4 0.4 1.4 6.4 31.1 32 103.0 175.0 386.0 57.9 410 420 32787 15000 213 8%00
29 16.6 26.8 5.2 65 83 0.49 0.4 0.4 4.5 21.3 30 58.5 98.8 275.0 60.5 213 380 21296 14000 148 7700
30 18.2 31.5 5.1 66 100 0.4 0.4 2.3 5.8 18.9 49 56.6 130.6 237.0 27.8 216 360 17105 15000 105 7200
31 12.0 21.4 5.7 44 69 0.4 0.4 0.5 5.9 14.% 22 30.9 65.5 166.0 50.3 185 340 12097 12000 113 5800
32 6.5 22.0 5.0 45 83 0.4 0.4 1.0 6.3 16.5 42 23.5 66.5 160.0 49.0 140 280 14876 12000 115 4300
33 8.6 17.8 6.9 83 160 0.4 0.4 1.0 6.6 30.6 45 70.0: 41.0 4.7 22.2 165 440 24793 35000 157 2100
34 8.2 16.1 7.1 95 160 0.4 0.4 0.9 6.5 29.1 42 64.2 42.0 3.7 23.7 268 450 27559 36000 181 1900
35 8.2 17.9 6.6 107 170 0.4 0.4 1.2 6.5 30.0 89 87.4 41.2 5.0 21.0 190 450 26446 34000 181 1900
36 167.0 84.2 9.5 397 720 0.4 17.4 0.4 22.2 117.6 178 2.2 9.4 12.4 3.0 29 280 11029 15000 882 5500
37 166.0 105.0 9.4 439 9S00 0.6 18.5 0.4 20.2 79.3 200 2.3 6.5 6.0 3.1 33 310 10976 17000 915 4200
38 158.0 94.9 7.0 408 700 0.5 16.5 0.4 10.7 81.5 198 2.2 3.5 3.6 4.6 33 290 13043 20000 1196 6000
39 260.0 295.0 27.0 187 370 0.7 3.7 1.8 19.8 29.7 23 63.5 60.4 67.6 20.5 827 290 17293 14000 120 580
40 240.0 234.0 19.6 137 200 0.9 4.8 1.7 19.1 32.0 10 58.9 68.2 61.5 23.0 1086 540 14493 11000 130 840



